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ABSTRACT 
In Uganda, energy and food security are declining. Both depend on biomass in its 
traditional forms of charcoal and firewood for cooking and heating. With a fast growing 
population and increasing energy demand, biomass resources have been declining. This 
dissertation examined energy and food security in relation to biomass scarcity, crop 
production, and agricultural residue use. This work employed qualitative and quantitative 
analysis with primary data collected through semi-structured interviews with smallholder 
farmers and soil sampling from 2015 to 2016 in south-central Uganda.  
In the first paper, this study estimated electricity potential from agricultural residues 
using the performance of the existing gasification technology in Uganda. Electricity 
estimates were developed for technical potential and wasted residues potential. Results 
suggest that electricity from wasted residues could be as much as an additional 70% of the 
current power capacity while the technical electricity potential could increase the current 
capacity more than threefold. The biorenewable energy potential has been untapped due to 
cost, cultural and information barriers, and weak policy frameworks that do not protect 
private investors from the risks associated with rural development projects. To address these 
issues, the government could reinstate the expired Renewable Energy Policy that sought to 
create adequate financing mechanisms, promote awareness of public benefits from 
biorenewable energy, and improve information on renewable resource availability.  
In the second paper, food security was examined in relation to socioeconomic status, 
crop production, and soil quality determinants at household level using logistic regression. 
Total acreage and yields of banana and beans were positively associated with food security in 
the season of plenty. In the season of scarcity, total acreage, yields of maize and beans were 
xii 
 
 
positively associated with food security, while off-farm income was associated with less food 
security. The results indicate that land size and crop yields are more important to household 
food security than soil quality and socioeconomic status. While the issue of declining crop 
yields has been partially addressed through various banana breeding initiatives, the issue of 
land size is more problematic. Current land policies focus on strengthening land rights, which 
is important for investing in production technologies and soil conservation methods, but do 
not provide solutions for increasing land fragmentation. The issue of land fragmentation will 
require complex policy formulations that address historic, ethnic, demographic, and political 
aspects. 
Third, soil quality and fertility were examined across cropping systems and soil types. 
Soil quality (pH at depths of 0 to 10 cm and 20 to 30 cm, CEC, and EC) and fertility (Ca and 
Mg) varied by cropping system. Annual rotation and banana systems were positively 
associated with better soil quality and fertility compared to other cropping systems. Soil 
quality (pH at depths of 0 to 10 cm and 0 to 15 cm and depth to restrictive layer) and soil 
fertility (P and K) varied by soil types. Black and black-stony soils were positively associated 
with soil quality and fertility compared to red soils. The results of this study indicate that 
both cropping system and soil type influence soil quality and fertility. What remains 
uncertain is the role of farmer decision making in specific cropping systems in certain soil 
types.  
Finally, energy and food security were jointly analyzed in the context of biomass 
scarcity. The analysis evaluated temporal trends (2004-2014) in energy and food security as 
well as their associations with biomass availability. Energy and food security have declined, 
with energy security experiencing the biggest decline. Analyses showed a significant 
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association between energy security and biomass availability, which indicates that energy 
consumption in Uganda is still highly dependent on biomass resources. Policies should focus 
more on fuel diversification and improved energy access rather than on leapfrogging to 
advanced energy types. Energy and food security policies should be evaluated jointly, since 
decisions on household energy, food production and consumption are inseparable. Therefore, 
energy production could be linked to Uganda’s plan for agricultural modernization which 
could lead to a more optimal allocation of resources and improved economic efficiency.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Motivation 
 
 Energy and food security are important issues throughout sub-Saharan Africa (SSA). All 
energy consumed comes predominantly from traditional sources of energy such as fuelwood 
(Mwaura et al., 2014). Some technologies used to convert biomass into energy in SSA are highly 
inefficient and lead to health issues and natural resource degradation (Lee, 2013). This reliance 
on wood often contributes to deforestation and impacts soil quality and inevitably agricultural 
production. Agricultural residues are an available but underutilized source of energy in SSA. 
Farmers often discard or burn some agricultural residues without extracting their energy content 
(Okello et al., 2013). Agricultural residues, used in efficient technologies and sustainably 
harvested, can lead to increased energy production and use, and decreased natural resource 
degradation (Fischer et al., 2010).  
Food security in SSA depends on agricultural production (McKinney, 2009). Yields have 
been stagnant or even declining for some crops over the past half century and farming practices 
have not significantly changed in centuries (Leliveld et al., 2014). Limited use of agricultural 
inputs coupled with insufficient soil conservation practices cannot support agricultural systems 
that need to feed one of the fastest growing populations in the world (World Bank, 2015). Soil 
quality is at the heart of the declining crop production conversation. This study adds to the 
existing research by linking soil quality to food security.   
Energy and food security are two important issues in Uganda’s development. Each is 
characterized by its unique challenges and opportunities, yet they are interconnected. This 
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research examines energy and food security independently and jointly using Uganda as a case 
study. 
Conceptual Framework  
 
 Figure 1.1 presents the conceptual framework developed by the author for this study. The 
green blocks represent some of the principle determinants of food and energy security while the 
yellow ovals are some of the main factors, studied in this research, that influence soil quality and 
crop production. U.S. Department of Agriculture Natural Resources Conservation Service 
defines soil quality “as the continued capacity of soil to function as a vital living ecosystem that 
sustains plants, animals, and humans”. This study uses the phrase ‘soil quality’ to describe soil 
chemical (soil pH, cation exchange capacity (CEC), electric conductivity (EC), total N) and 
physical (depth to restrictive layer) levels and concentrations in topsoil (0 to 15 cm). Soil quality 
is at the bottom of the diagram, as it is often a prerequisite for food and energy production. Soil 
quality can be directly or indirectly impacted by many factors such as socioeconomic resources 
(land tenure, access to markets, education) (Bashir et al., 2013); cultural beliefs (traditional soil 
conservation measures, perceptions of soil quality, choosing cropping systems based on 
traditional values) (Ouma, 2009); agronomic practices (fertilizer application, improved seeds, 
fallowing, crop rotations) (van Asten et al., 2011); geology (soil parent material, morphology) 
(Armah, 2011); and climate (temperature, rainfall) (Amundson et al., 2015).  
The quality of the soil then influences crop production, which can be dedicated to cash 
crop and/or staple crop production and done through mono- and/or inter-cropping of annual 
and/or perennial crops. Crop production generates not only food but also energy in the form of 
agricultural residues. The availability of both crops and agricultural residues can impact food and 
energy security.  
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Figure 1.1 Conceptual framework of the soil-food-energy nexus. 
 
The bi-directional arrows connote that food and energy security are interconnected and 
can start from the top or bottom. For example, if food security improves it can lead to an 
improvement in energy security, which then can lead to enhanced crop production and, 
potentially, improvements in soil quality. It is a highly dynamic system with many interactions, 
interdependencies, and multidirectionality. While this work looked primarily at the availability 
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of food and energy, it is important to acknowledge affordability, cultural appropriateness, 
unequal access to resources, and potentially many other dimensions.  
Research Objectives  
 
 Energy and food insecurity are two major issues in Uganda. Energy insecurity is 
characterized by low access to electricity (Bazilian et al., 2011); however, more affordable ways 
of bringing power to rural populations are emerging (Okello et al., 2013). In some cases, small-
scale biomass conversation technologies have been introduced (Eder et al., 2015). However, not 
all new technologies are accepted or appropriate for the needs of people and resources available 
in Uganda (Mwaura et al., 2014). Additionally, not all biomass should be converted to energy 
due to logistical and soil fertility concerns. Therefore, one research objective of this work is to 
quantify power potential from two sets of the recoverable fraction of agricultural residues using 
the performance of the existing technology.  
 Food insecurity is another concern in Uganda. Several dimensions were developed by 
FAO (2017) to describe food security: availability, access, stability, and utilization. This research 
focuses primarily on the availability dimension because crop production in SSA is critical to 
food security. In addition to crop production, more fundamental determinants of food security 
such as socioeconomic characteristics and soil quality need to be researched for possible links. 
These relationships are not well understood as they are often context specific. A second objective 
of this work is to investigate the connection between food security and socioeconomic, crop 
production, and soil quality factors. 
 Soil quality and fertility determine soil health and suitability for crop production. Soil 
quality and fertility vary by cropping system and soil type. However, more research is necessary 
to investigate soil quality and fertility under different cropping systems and soil types. Knowing 
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the drivers of change in soil quality and fertility can inform soil management decisions. 
Therefore, a third objective of this work is to examine how soil quality (soil pH, CEC, EC, total 
N, and depth to restrictive layer) and fertility (extractable P, K, Ca, Mg, Na, and base 
saturation) vary under different cropping systems and soil types. 
 Energy and food security are interconnected and depend on biomass availability. The 
effect of biomass availability on energy and food security has received little attention. Knowing 
associations and temporal trends among energy and food security, and biomass availability can 
help understand the impact of biomass scarcity on Uganda’s development. The fourth objective 
of this work is to evaluate temporal trends and associations among energy and food security, and 
biomass availability. 
To address the objectives of this research, we used data gathered from interviews, farm 
assessments, observations, and soil tests in Masaka District, south-central Uganda, between 
September 2015 and December 2016. This study was exempted from the requirements of the 
human subject protection regulations because it uses surveys of adults with information recorded 
in such a manner that specific interviewees cannot be identified. Appendices A, B, and C show 
the approved IRB form, sample survey, and farm assessment form, respectively.  
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CHAPTER 2.    LITERATURE REVIEW 
Energy Security 
Justification for Green Technologies 
 
The world is transitioning from fossil fuels to carbon neutral or negative energy systems 
by relying on green technologies. Green technologies are generally defined as technologies that 
conserve the natural environment and resources and reduce negative impacts on human health.  
Countries are adopting green technologies to address such issues as national and energy security, 
environmental degradation and climate change, poverty reduction, and economic development 
(Carere et al., 2008; Demirbas, 2008; Elam et al., 2003; Schaub and Vetter, 2008; Yamamoto, 
2008). These issues are intertwined and sometimes solving one of them leads to the improvement 
of another. For example, by introducing improved cook stoves in Africa, deforestation decreases 
as households reduce their reliance on wood. This, then, can lead to poverty reduction and 
economic development as less time is spent on gathering wood and more time is available for 
income generating activities. It is possible, therefore, to say that by promoting certain green 
energy technologies, the benefits to a society can be much larger than anticipated.  
Energy Security Definition  
 
One of the reasons why countries are shifting to carbon-neutral economies is to achieve 
energy security (Kruyt et al., 2009). Energy security encompasses many definitions and 
concepts, but broadly it is described as “equitable provision of available, affordable, reliable, 
efficient, and environmentally friendly energy services to end-users” (Knox-Hayes et al., 2013; 
Phdungsilp, 2015). By relying on diversified energy sources, a country protects itself from 
unexpected energy interruptions that can be caused by geopolitical, economic, or climate-related 
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events. By having different energy portfolios, a country also reduces its dependence on foreign 
nations. While in the U.S., energy security means reducing its reliance on foreign oil, for the 
most of Africa, it means developing bioenergy efficient technologies to reduce wood 
consumption and environmental degradation. Energy security, therefore, is highly context 
dependent (Kruyt et al., 2009).  
Energy Security Indicators  
 
Some studies focus on energy security from the availability, affordability, energy and 
economic efficiency, and environmental stewardship perspective (Brown et al., 2014). Badea et 
al. (2011) include energy and carbon intensity, import dependency, primary production, 
electricity generation capacity, and energy demand in transport in their measure of energy 
security. Gracceva and Zeniewshi (2014) think that stability, flexibility, adequacy, resilience, and 
robustness are the essential indicators of energy security. Pode (2010) includes energy, climate 
change, environmental and health issues as part of energy security. These characterizations of 
energy security offer a nuanced approach to energy issues and recognize the importance of 
global warming, air pollution, economic growth, and energy affordability in the future of energy 
security. While the availability dimension gets more attention, the rest are still as valuable, 
especially if energy issues are discussed in the African context where energy use is associated 
with environmental degradation and social status.   
Additionally, energy justice, a less discussed concept in the energy sector, is highly 
relevant in less developed countries where there is a big gap between urban and rural energy 
access. Energy justice is a more philosophical and moral approach to the development of energy 
systems and seeks to understand what energy is used for, what values and moral frameworks 
should guide people in energy consumption, and who benefits from energy consumption 
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(Sovacool and Dworkin, 2015).  All of these aspects of energy security are important when 
developing or analyzing an energy system.  
Energy Security in Africa 
 
Energy security issues in Africa tend to be framed in the context of development, 
introduction, and dissemination of energy efficient technologies. In the case of Uganda, the 
majority of primary energy comes from solid biomass (Okello et al., 2013). Biomass is mainly 
used in the residential sector for cooking and heating (Lee, 2013). Cooking is done on a highly 
inefficient traditional three-stone stove (Tumwesigye et al., 2011). Such inefficient use of energy 
not only leads to increased wood consumption but also health problems (Suberu et al., 2013). 
Improved energy technologies can offer a solution to these issues if cultural and financial 
constraints to energy adoption are addressed.  
Sustainable Energy Use Challenges in Africa 
 
Energy diffusion is an important concept in renewable energy dissemination in SSA 
because it explains why, how, and who adopts innovations. Rogers (2003) described diffusion as 
“the process in which an innovation is communicated through certain channels over time among 
the members of a social system”. To be perceived as better than the technology it replaces, a new 
technology has to have relative advantage (Rogers, 2003). Relative advantage is measured by 
economic profitability, social prestige, and other benefits. Compatibility (the level to which a 
technology is perceived as consistent with past experiences), complexity (the level to which a 
technology is perceived as difficult to understand and use), trialability (the level to which a 
technology is experimented with on a limited basis), and observability (the level to which the 
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performance of a technology is visible to others) are also cited as necessary aspects that affect 
adoption (Rogers, 2003).  
Technology adoption happens in stages. Figure 2.1 shows how different groups adopt an 
innovation at different time points. Innovators are those who adopt new technologies as soon as 
they become available and have financial means to balance risks that could come from the use of 
that technology. Early adopters also adopt technologies quickly but they are more interested in 
functionality of that technology. The early majority is the first big group of people to adopt a 
technology. The late majority adopts when the majority of the market is already familiar with the 
technology. The laggards are more price-sensitive and adopt when the technology is soon to be 
removed from the market (Rogers, 2003).  
 
Figure 2.1 Innovation adoption curve and the 'chasm' (Eder et al., 2015). 
 
Moore (2002) states that there can be a ‘chasm’, a gap between the early adopters and the 
early majority. This happens when a new technology does not provide a significant benefit which 
creates a bad reputation for the product and leads to early majority not adopting it.  
While the theory of innovation diffusion explains the process of technology adoption, 
there are many factors that can influence people’s decision to adopt. Some of those factors are 
related to technology’s functionality and benefits while others are connected to specific 
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characteristics of adopters such as educational level, beliefs, and social status. Policies also 
matter in technology diffusion because they can either help speed up the process or inhibit it.  
Market barriers to technology adoption in SSA are significant and include price 
competitiveness of a new technology; lack of infrastructure; poor information flow between 
producers, consumers and intermediary organizations; and some others (Schlag and Zuzarte, 
2008). Affordability seems to be one of the biggest challenges to energy adoption and use in 
Uganda as well as in other parts of SSA. For example, high prices of electricity and connectivity 
to the grid is prohibitive to people who live on less than a dollar a day. Some studies showed that 
people who lived in villages connected to the conventional grid were not using electricity due to 
the above mentioned costs (Bernard and Torero, 2009; Ketlogetswe et al., 2007). In Uganda, 
electricity prices are among the highest in East Africa (Tumwesigye et al., 2011). Additionally, 
new technologies often come with installation and connection fees as well as repairs and 
maintenance requirements. These challenges can discourage people from adopting new 
technologies.   
Other studies talk about energy absorption versus adoption as an explanation for why the 
use of improved energy technologies has been slow and inconsistent in rural Africa (Murphy, 
2001). Energy absorption happens incrementally and in parallel with economic development – it 
is a natural progression of energy acceptance and use and driven by individual and regional 
capabilities (Malecki, 1997). Energy absorption happens slowly and reflects the speed of local 
institutional and structural changes. Technology absorption, therefore, is the “ability of the 
technology-importing country to adopt, deploy, and learn from the acquired technology so that it 
can deploy its own domestic capabilities” (UNIECA, 2010). On the other hand, energy adoption 
is a much quicker approach to energy diffusion and can lead to great jumps up the technology 
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ladder (Murphy, 2001). Such fast energy transition is called ‘leapfrogging’ and many studies 
have been done to investigate whether leapfrogging can be possible in SSA. 
The concept of leapfrogging can be related to the theory of energy ladder in countries that 
are on a fast economic development path. The energy ladder theory postulates that with 
increased income households move up the energy ladder by replacing biomass (firewood) with 
intermediate (kerosene) and then advanced (electricity) energy sources (Heltberg, 2004). Others 
found that ‘fuel stacking’ is a more realistic representation of energy consumption in developing 
countries. The fuel stacking theory postulates that households use a mix of energy sources 
regardless of level of income (Rahut, 2017). In this theory, fuelwood remains the main source of 
energy while modern fuels are added to accommodate the needs of changing lifestyles (Karekezi 
and Majoro, 2002).  
In SSA, energy technology dissemination tends to overlook local technological 
capabilities and focuses on the number of adopters. By relying solely on the number of adopters 
to describe the success or failure of a particular technology, it is impossible to derive who, why, 
and how adopts or doesn’t adopt that technology (Murphy, 2001). For example, improved cook 
stoves have not been widely adopted partially due to food acquiring a different taste when 
cooked on an improved stove compared to the food prepared on the traditional three-stone stove 
(Martinez-Gomez et al., 2016). Additionally, cooking is an opportunity for social interaction and 
with the new cook stoves that time is reduced as food cooks faster. Many energy developers do 
not take this cultural peculiarities into consideration when designing an energy technology for a 
specific population. Therefore, when a technology is not accepted by the population, it is 
important to understand if it is caused by some technical aspects of the technology, technology’s 
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cultural inappropriateness, prohibitively high costs associated with technology use, or 
unawareness of technology’s benefits.  
Agricultural Residues for Sustainable Energy Production 
 
In addition to using solid biomass, many African countries are also relying on agricultural 
residues for energy. For example, in Uganda bagasse, maize stover, and coffee husks have been 
used for power generation on various scales using gasification and combustion technologies. It 
was estimated that agricultural residues have a potential to add 15% of current generation in SSA 
by using 30% of residues from agro processing and 10% of forest residues from the wood 
processing industry (Dasappa, 2011). However, 5% of all biomass burned in the tropics comes 
from agricultural residues (Hao and Liu, 1994).   
Some technologies that are used for energy production from agricultural residues include 
fast and slow pyrolysis, gasification, and combustion. Fast pyrolysis is a thermochemical 
conversion of biomass in oxygen-starved conditions at temperatures ranging from 300°C to 
500°C (Goyal et al., 2008). Fast pyrolysis produces liquid, gas, and char. Pyrolysis liquid can be 
used as a substitute for industrial heating oil although it is too corrosive and unstable for 
commercial or residential applications (Brown and Brown, 2014). This technology is rare in 
Africa due to its complexity and capital cost requirements.  
Slow pyrolysis is performed at 300°C and yields 35% biochar, 30% condensable liquids 
and 35% syngas by mass. Slow pyrolysis requires several minutes or even hours, while fast 
pyrolysis is complete in seconds. The condensable liquids are often burnt with pyrolysis gas 
(Brown et al., 2011).  Biochar can be used as a soil amendment due to its high porosity and 
surface area. Slow pyrolysis has been employed for thousands of years to produce charcoal for 
heating and cooking. This technology has a wide application in Africa and is often described as 
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carbonization. Traditional earth mound kilns for charcoal production are common in Uganda but 
they have very low efficiency.  
Gasification is also a thermochemical conversion of biomass under oxygen-starved 
conditions and elevated temperatures (750-1500°C). Gasification produces producer gas 
consisting of CO, H2, CH4, N2, CO2, and smaller quantities of H2S and NH3 (Brown and Brown, 
2014). The release of volatiles from solid fuel is endothermic and requires either the 
simultaneous burning of part of the fuel or the delivery of an external source of heat to drive the 
process (Brown and Brown, 2014). Producer gas can be used for generation of heat and power 
but also can be used as a feedstock for production of liquid fuels and chemicals (Brown and 
Brown, 2014). Gasification technologies are used in SSA for electricity generation. Electricity 
can be produced in internal combustion engines and gas turbines. Fuel gas can be burned in the 
boiler to generate high temperature and high pressure steam which is passed through the steam 
turbine to generate electricity (Asadullah, 2014)). This pathway has low net electrical efficiency 
(10-20%) and requires high capital investment. The internal combustion gas turbine has higher 
electrical efficiency; however, the gas with impurities can cause technical issues (Asadullah, 
2014). The internal combustion engine offers high electrical efficiency and is ideal for small 
scale and distributed power generation.  
There are several gasification reactors such as updraft, downdraft, fluidized bed, and 
entrained flow (Brown and Brown, 2014). Updraft gasifiers are the simplest and the first type of 
gasifiers developed (Figure 2.2). In updraft systems biomass enters from above and air for 
combustion enters from below, producer gas is collected from above. These systems produce 
large quantities of tars, on the order of 50 g/m
3
, which makes them unpopular for biomass energy 
production (Brown and Brown, 2014). In downdraft systems, biomass and producer gas move in 
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the same direction (Figure 2.2). The producer gas is relatively free of tar, making it a suitable 
fuel for engines. In a fluidized bed gasifier, a gas stream passes vertically upward through a bed 
of inert particulate material to form a mixture of gas and solid. The stirring action makes the bed 
uniform in temperature and composition. In this system much of tar is cracked within the 
fluidized bed. Fluidized bed systems can process a diverse range of biomass varying in moisture 
content and size. They are also suitable for electric power generation. Disadvantages include 
high power consumption to move gas though the fluidized bed, high exit gas temperatures, and 
high particulate matter in the gas (Brown and Brown, 2014). Entrained flow gasifiers achieve 
high carbon conversion efficiency due to high temperatures of the process, 1200-1500°C. 
However, the low energy density of biomass makes it difficult to achieve the high temperatures 
characteristic of entrained flow gasifiers (Brown and Brown, 2014).  
 
Figure 2.2 Biomass gasifiers: a) updraft; b) downdraft (Lettner et al., 2007). 
 
Combustion is the rapid oxidation of fuel to obtain thermal energy (Brown and Brown, 
2014). The main combustion products are CO2 and H2O. The main steps include heating and 
drying, pyrolysis, flaming combustion, and char combustion. Biomass combustion systems 
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include grate-fired, suspension, and fluidized bed. Grate-fired systems were the first to be 
developed. Grate-fired systems do not achieve combustion efficiencies beyond 90% (Brown and 
Brown, 2014). Suspension burners produce large quantities of nitrogen oxides and are not well 
suited to burning coarse particles of biomass. Fluidized bed combustors efficiently convert a 
variety of fuels with small emissions of nitrogen compounds. Electricity can be produced using 
the steam turbine, reciprocating steam engine, Stirling engines, indirect fired gas turbines and 
direct fired gas turbines. The steam turbine Rankine cycle is the most common option with 
efficiency of 35% (Bridgwater et al., 2002).  
The performance of the above technologies depends on many factors some of which 
include feedstock type and moisture content, feedstock particle size, reactor design, and 
operating conditions. All of these technologies can be found in SSA.  
Tapping into agricultural residues for sustainable energy production can improve energy 
security. It can also improve food security through reduced deforestation and improved 
agricultural practices (Bazilian et al., 2011). The energy-food nexus is an issue that impacts 
everyone, especially those whose daily survival depends on the use of traditional sources of 
energy.  
Food Security 
Food Security Definition and Shifts in Thinking   
Food security is a complex and multifaceted concept which is often context specific. 
Similarly to energy security, food security can also be looked through various dimensions, some 
of which include food availability, food access, utilization, and stability (Flores et al., 2005).  
During the World Food Summit of 1996, it was stated that “Food security exists when all people, 
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at all times, have physical and economic access to sufficient, safe and nutritious food that meets 
their dietary needs and food preferences for an active and healthy life”.  
There have been three main shifts in thinking about food security since the World Food 
Conference of 1974 (Maxwell, 1996). The first shift occurred when the focus on food security 
switched from global and national to household and individual. This shift represents a view that 
access to food by individuals within a household is linked to the control they have over 
household resources and the access they have to household income (Evans, 1991; Hart, 1986; 
Kabeer, 1989). The second shift changed from a food first perspective to a livelihood 
perspective. This shift identifies livelihood security as a necessary and often sufficient condition 
for food security (Maxwell, 1988). The third shift replaced objective indicators with subjective 
perceptions. This shift, in addition to nutritional adequacy, focuses on qualitative measures of 
food security such as food quality (Bryceson, 1990), consistency with local food habits (Oomen, 
1988), cultural acceptability and human dignity (Oshaug, 1985), and autonomy and self-
determination (Barraclough and Utting, 1987).  
Food Security in Uganda 
 
In the context of Uganda, food insecurity is manifested through anemia (50% in children 
under 5 and 30% of pregnant women), child growth stunting (33% of children under 5), and 
child mortality rates (70 per 1000 live births) (Bachou, 2014; Shively and Hao, 2012; The World 
Bank, 2015). Uganda, as well as most of Africa, is quite sensitive to external shocks such as 
weather and pests when it comes to food security due to limited economic, technical, and 
institutional capacities to deal with such events (Challinor et al., 2007). Better access to markets, 
extension and credit services, technology and farm assets are critical for helping African farmers 
adapt to changing climate (Hassan et al., 2008). Identifying food security determinants for a 
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specific region can be impactful and used by national governments and international 
organizations to use the available resources more efficiently.  
Some of the food security determinants pertaining to Africa consist of socioeconomic 
factors such as income, education, electricity access, off-farm income, household size, age, land 
rights, and gender. Crop-specific production determinants include soil quality, crops grown, seed 
type and variety, and pests and diseases.  
Food Security Determinants and Indicators   
 
Abafita and Kim (2014) found in Ethiopia that age and education of household head, 
adequacy of rainfall, livestock possession, participation in off-farm activities, soil conservation 
practices and per capita consumption expenditure were positively related to food security. 
Babatunde et al. (2007) found that household income, household size, educational status of 
household’s head and quantity of food obtained from own production determined the food 
security status of farming households. Dzanja et al. (2013) found that social capital, membership 
in farmers’ organizations, household network size and engagement in voluntary activities 
improved rural food security in Malawi. Quaye (2008) identified the following constraints to 
increased crop production and food security – erratic rainfall patterns, high cost of 
agrochemicals, lack of knowledge about improved farming and post-harvest practices, lack of 
production credit and markets for farm produce. Kristjanson et al. (2012) found that there is a 
strong negative relationship between the number of household food deficit months and 
innovation, meaning that the least food secure household were making fewer farming practice 
changes. Lal (2001) discussed food security as a function of healthy soils, the media that feeds 
the world. Multiple methods and indicators exist to measure food security. Carletto et al. (2013) 
advocated for an international dashboard of indicators which can be achieved by repurposing 
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existing surveys to better suit food security monitoring goals. Maxwell (1996) examined 
different methods of measuring food security. One method estimated gross household food 
production and purchases over a period of time. The second method relied on 24-hour recall of 
food consumption by individual members of a household and analyzes each type of food 
mentioned for caloric content. Neither method provided a full assessment of food security in 
terms of vulnerability or sustainability (Maxwell, 1996), which are important in the African 
context. Other authors argue that food security is but one element of livelihood security and that 
indicators of the former should not be interpreted independently of a good understanding of the 
latter (Chambers, 1989; Frankenberger and Coyle, 1993).  
Crop Production  
In Uganda, agriculture is rainfed with two rainy seasons per year in the southern and 
central parts of the country and one rainy season in the northern part (Rucker, 2005). Mean 
annual daytime high temperature ranges from 30°C to 32°C in central Uganda and 25°C to 4°C 
in the highlands (Rucker, 2005). Uganda is agriculturally diverse due to variety in climatic 
conditions and soil types and has multiple farming systems distributed across agroecological 
zones. Agroecological zone is defined as ‘a land resource mapping unit, defined in terms of 
climate, landform and soils, and or land cover, and having a specific range of potentials and 
constrains for land use’ (FAO, 1996). Figure 2.3 shows that the majority of Uganda is under 
farmland with some woodlands in the central and grasslands in the northeastern parts of the 
country.  
Crop production in Uganda primarily involves smallholder farming using almost 
exclusively human labor and a hand-held hoe. Seeds are typically saved by farmers from season 
to season and generally are of poor quality (Challinor et al., 2007). The use of external fertilizers 
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is minimal and constitutes on average of 1 kg ha
-1
 year
-1 
(Nkonya et al., 2002). The use of 
organic fertilizers is more widespread but still minimal (1.8 kg ha
-1
 year
-1
) and is normally in a 
form of green manure, compost, mulch, or agricultural residues (Namaazi, 2008).  
 
Figure 2.3 Agroecological zones of Uganda (Minai, 2015). 
 
The average per capita area of cropland in Uganda decreased from 0.44 ha in 1983 to 
0.34 ha in 1993 (NEMA, 1996). Due to land fragmentation, Ugandan farmers grow crops on 
several pieces of land, some of which are located far from the homestead (Puhalla, 2009). 
Distance, combined with such other issues as land tenure and limited farm inputs, leads to 
inefficient use of land and poor crop production (Briggs and Twomlow, 2002; Egulu and 
Ebanyat, 2000; Njeru et al., 2016). Additionally, crop yields in Uganda have been stagnant or 
even declining due to socioeconomic (population growth, low access to markets, high fertilizer 
prices, land tenure and fragmentation), climatic (changing rainfall patterns), and production-
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related factors (nutrient mining, low external input use, poor quality seeds) (Leliveld et al., 2013; 
Mugonola, 2011; Nkonya et al., 2004; Pender et al., 2004; World Bank, 2011). Figure 2.4 shows 
that productivity of oil crops have been stagnant while cereal and fruits have decreased. Only 
roots and tubers exhibit sustained growth.  
 
Figure 2.4 Historical crop yields data for Uganda (1960-2010) (Chauvin et al., 2012). 
 
Some of the major crops grown include Arabica coffee (Coffea arabica L.) and Robusta 
coffee [Coffea robusta (L.) Linden], banana (Musa × paradisiaca L.), maize (Zea mays L.), 
beans (Phaseolus vulgaris L.), cassava (Manihot esculenta Crantz), sorghum [Sorghum bicolor 
(L.) Moench], and millet (Penicum miliaceum L.). The cropping systems are characterized by 
intercropping annual and perennial crops. Some of the most common cropping systems are 
banana-coffee, bananas as a monocrop or intercropped with annual crops, coffee as a monocrop 
or intercropped with annual crops, and beans-maize (De Bauw et al., 2016; Eilu et al., 2003; 
Mulumba, 2004; Oduol and Aluma, 1990; Wang et al., 2015). Banana is a common staple food 
while coffee is a common cash crop. These two crops are the most important to farmer food 
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security in south-central Uganda (Oduol and Aluma, 1990). However, due to various factors such 
as poor soil quality and pests and diseases, their production is being negatively impacted (van 
Asten et al., 2004; Wairegi et al., 2010). More farmers are replacing their banana plantations 
with coffee. Specifically, banana production is shifting from the southcentral region to 
southwestern (Gold et al., 2000). 
Soil Quality 
Ugandan soils are diverse and range from fertile volcanic ash soils to highly acidic soils, 
ancient soils. Figure 2.5 shows the variety of soil types in Uganda as well as their spatial 
distributions. The largest area for a single soil type are the Ferralsols, which are weathered, 
infertile, and old soils (FAO et al., 2009; NEMA, 1996). It was shown that on Ferralsols, 
cultivation without soil and water conservation can lead to critical losses of production after one 
to four years, even on moderate slopes (Ellis-Jones and Tengberg, 2000). Additionally, Ferralsols 
have low to very low resilience and moderate sensitivity meaning that once vegetation is 
removed, they degrade quickly and irreversibly (Stocking, 2003).  
Other soils include Nitisols, Podzols, Plinthosols, and some Fluvisols (Figure 2.5). 
Nitisols are deep, well-drained, red tropical soils. These soils are derived from parent rocks 
through weathering and they are more fertile than most other red tropical soils (De Wispelaere et 
al., 2015).  Podzols are found on the shores of Lake Victoria and are rich in soil organic matter 
which explains their gray color (Sauer et al., 2007). Plinthosols are characterized by an 
accumulation of iron that hardens when exposed to air and sunlight (FAO, 2013). Typically, 
these soils are not suited for farming and are used for livestock grazing. Fluvisols occur in 
periodically flooded areas around rivers and wetlands. These soils can support a wide range of 
agricultural activities (FAO, 2013).  
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Figure 2.5 Soil distribution in Uganda (FAO, 2009). 
 
 Due to the variety of soil types in Uganda, there is variation in soil properties across 
regions. For example, as Figure 2.6 shows, soil pH can range from 5.1 to 6.7. Soil organic matter 
varies from 6 to 1.2 % from southwest to north (Minai, 2015). The northern part of Uganda 
exhibits lower soil nutrient concentrations compared to the rest of the country (Minai, 2015). It is 
important to acknowledge that large scale soil maps often lack accuracy and do not show 
information in the field or subfield scale.
   
  
1
6
 
 
 
 
Figure 2.6 Soil pH and soil organic matter (SOM) (Minai, 2015). 
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The fertility of Ugandan soils has been in decline due to nutrient mining through 
harvests, erosion, and leaching (Nkonya et al., 2005; Pender et al., 2004; Wortmann and Kaizzi, 
1998). Soil nutrient mining occurs when farmers remove crops without returning agricultural 
residues back to the field. Most crops are consumed domestically, with agricultural residues 
either burned, discarded or applied as mulch. Often more nutrients leave the field than enter, so 
even when mulch is applied it is still insufficient to compensate for the lost nutrients. With little 
or no external inputs, nutrient mining remains one of the biggest contributors to decreasing soil 
fertility (De Jagger et al., 2001; Esilaba et al., 2005; Fungo et al., 2010).  
Erosion is another cause of declining soil fertility. Exposed soil is easily eroded during 
long rainy seasons, especially on hillslopes. The absence of soil conservation measures such as 
mulching and trenches leaves soil unprotected from rain (Bagoora, 1988; Ellis-Jones and 
Tengberg, 2000; Lal, 1990). Leaching can also lead to soil quality decline. Leaching of nutrients 
can be induced by heavy rainfall and connected to soil physical properties such as porosity, 
aggregate size, particle size, and bulk density (Clermont-Dauphin et al., 2004; Hartemink, 2003).  
Soil physical, chemical, and biological properties can also be influenced by agricultural 
systems. Many studies have linked stagnant agricultural production to deteriorating soil quality. 
In south-central Uganda, this is especially evident in intensive banana and coffee production 
systems. These two systems are practiced by the majority of farmers in the region and 
understanding their effect on soil is essential to food security. 
Food security is a complex issue with multiple dimensions and ways of assessing it. 
Livelihoods in SSA are highly dependent on crop production and as such food security should be 
examined in relation to soil quality.  
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CHAPTER 3.   BIOENERGY PRODUCTION FROM AGRICULTURAL RESIDUES IN 
UGANDA 
Manuscript in progress  
Nataliya Apanovich, Yu Wang 
Abstract 
Low levels of access to electricity in Uganda necessitate more creative ways for rural 
electrification. This study estimated electricity potential from agricultural residues using the 
performance of the existing gasification technology in Tiribogo village, Uganda. Electricity 
estimates were developed from two sets of recoverable fractions of each residue type. First, we 
applied recoverable fractions that were identified from the literature to estimate technical power 
potential. This power potential allowed 40% of the total residue amount to be used for energy. 
Second, we identified the percentage of each agricultural residue type that was wasted or burned 
through farmer interviews that were conducted in Masaka District in 2015. We used that 
percentage as a proxy for residue availability for energy. Results suggest that electricity from 
wasted residues could be as much as an additional 70% of the current power capacity while the 
technical electricity potential could increase the current capacity by more than three times. We 
recommend to use only the wasted fraction of agricultural residues for electricity as it is a more 
conservative estimate.  A soil quality component should be included in future studies to ensure 
that energy production from agricultural residues will not contribute to food insecurity or soil 
degradation.  
Key words: biorenewable power; electricity; gasification; recoverable fraction; residue uses.
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Introduction 
Bioenergy is becoming important in developing countries due to rising energy demand, 
limited affordability of modern energy, low electrification rates, limited access to fossil fuels, 
and climate change impacts (Duku et al., 2011). In Uganda, less than 20% of households have 
access to electricity (EIA, 2016), while rural electrification barely exists (Buchholz and Da Silva, 
2010). Although biomass has a potential to provide power and fuel (Buchholz and Da Silva, 
2010; Okello et al., 2013; Okello et al., 2012), there is a lack of coherent biorenewable energy 
development strategy in Africa (Amigun et al., 2008).  
In Uganda, the total energy consumed is derived almost entirely from woody biomass 
with only 2% coming from electricity (Lee, 2013) (Figure 3.1). The current power capacity is 
720 MW which comes primarily from hydroelectricity. The current energy system does not 
allow for universal access to clean and affordable energy, and thus leads to the time-consuming 
and inefficient use of traditional biomass for cooking and heating. Such dependence on solid 
biomass creates not only environmental risks but also contributes to health problems and rural 
poverty. Additionally, the electricity sector is characterized by low capacity utilization and 
availability, deficient maintenance, poor procurement of spare parts, and high transmission and 
distribution losses (Karekezi and Kithyoma, 2003). The fact that the residential sector uses the 
most power (Figure 3.1) and that almost all biomass resources are consumed by the residential 
sector, indicates a need for sustainable power in rural areas.  
Rural electrification is needed but it is problematic. Poor infrastructure and low 
purchasing power of people make it difficult to connect power lines to remote areas where 
people lack cash to pay for connection and use of electricity (Buchholz and Da Silva, 2010). 
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Figure 3.1 Uganda primary energy supply and consumption (adapted from Government Annual 
Performance Report, 2013). 
 
Small-scale decentralized power generation from agricultural residues has been gaining 
attention. Some argue that it is the fastest way to get electricity to rural communities 
(Mohammed et al., 2014). Such technologies as anaerobic digestion, gasification, and combined 
heat and power (CHP) have already been employed in Uganda (Table 3.1) (Okello et al., 2012). 
While anaerobic digestion is used more for cooking than electricity production by rural 
households, gasification and CHP can provide power on variable scales. This paper focuses on 
the gasification technology due to its operational simplicity and proven success in Uganda. 
Specifically, we chose Tiribogo village gasifier as a case study to estimate electricity potential 
from agricultural residues. Table 3.1 describes the gasifier in Tiribogo village as well as other 
technologies that are currently used for biorenewable energy production in Uganda. 
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Table 3.1 Biorenewable technology applications and barriers to adoption.  
                                               
*
 Okello et al., 2013 
†
 Mangoyana and Smith, 2011; Buchholz et al., 2007 
‡
 Mwirigi et al., 2014; MEMD, 2007 
§
 MEMD, 2008; Walekhwa et al., 2009 
**
 Jumbe and Mkondiwa, 2013 
††
 Nalukowe, 2006 
‡‡
 Denton, 2004 
§§
 Karlsson and Banda, 2009 
***
 Kyamuhangire, 2008; Pillay and Da Silva, 2009 
†††
 MEMD, 2013 
‡‡‡
 Knopfle, 2004 
§§§
 Mangoyana and Smith, 2011 
****
 Lutaaya, 2013 
††††
 NEMA, 2010 
‡‡‡‡
 Faaij, 2006 
§§§§
 Kaijuka, 2007 
Technology Slow 
pyrolysis  
Gasification  Anaerobic digestion  Fermentation  Transesterification Combined Heat and 
Power (CHP) 
Application Charcoal Electricity generation Cooking gas Ethanol production Biodiesel production Electricity generation 
Description  The traditional 
earth-mound 
kiln is the 
dominant type 
of 
carbonization 
technology in 
Uganda and is 
mostly used 
for charcoal 
making
*
. 
Muzizi tea estate and 
Tiribogo village both 
use gasification 
technology for 
electricity generation
†
. 
One uses bagasse 
while the other relies 
on maize cobs and 
coffee husks.  
The most commonly 
used type of bio-
digester is the fixed-
dome design
‡
. It is 
estimated that about 
500 biogas digesters 
have been installed 
with less than 50% 
still being 
operational
§
. 
Molasses from 
sugarcane processing 
has a potential of 
producing 119x10
6 
liters of ethanol per 
year
**
. Sugar 
Cooperation of Uganda 
Ltd. produces l1.5 
million liters per year
††
. 
The ethanol produced is 
used as an industrial 
chemical. 
The use of biodiesel for motive 
power generation was initiated 
by the UNDP
‡‡
. Two 
multifunctional platforms, 
powered by oil extracted from 
Jatropha seeds, were installed in 
Masindi district
§§
. The engine 
provided motive power source 
to equipment such as grinding 
mills, oil presses and 
generators
***
.  
Bagasse, a source for 
CHP, is produced in large 
quantities, mainly in three 
sugar factories: Kakira 
Sugar Works, Kinyara 
Sugar Works and Sugar 
Corporation of Uganda 
Limited
†††
. The power 
generated from the 
factories is used not only 
internally for sugar 
processing but is also sold 
to the national grid.  
Barriers  The efficiency 
of this method 
is very low, 
estimated to 
be between 
10% and 
15%
‡‡‡
.  
High cost of 
technology. Muzizi tea 
estate gasifier was 
only marginally viable 
with a payback period 
of about 9.5 years
§§§
. 
The low level of 
adoption of biogas 
technology has been 
attributed to limited 
technical skill for 
installation, operation, 
and maintenance and 
high capital costs
****
. 
Lack of appropriate 
policy to guide the 
development of this 
sector is reported to be 
a possible barrier to the 
development of bio-fuel 
in the country
††††
. 
Biodiesel is a relatively new 
bioenergy conversion 
technology in Uganda and most 
trials are still on pilot scale. 
Another challenge is the high 
production cost of the esters 
compared to fossil fuels
‡‡‡‡
. 
Due to limited capacity, 
some biomass is discarded 
and burned without 
energy extraction
§§§§
. 
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Agricultural residue production in Uganda is substantial but the percentage that can be 
realistically and sustainably used for energy purposes is not well established. Infrastructure, 
collection, and soil fertility concerns impede the use of residues for energy production (Lee, 
2013). Some studies have already estimated theoretical energy potential from all available 
agricultural residues in Uganda (Okello et al., 2013). It is important, however, to differentiate 
between theoretical and technical residue availability. Theoretical residue potential assumes 
100% residue recoverability for energy production while technical potential assumes that only a 
fraction of residues can realistically be recovered (Haberl et al., 2010). Additionally, it is 
important to consider competing uses of residues. For example, banana peelings and maize 
stover are often used as mulch in banana or coffee plantations. Some residues such as maize cobs 
are burned for cooking. Others are fed to livestock or used for animal bedding (Okello et al., 
2013). Sustainability concerns of using residues for energy production should be addressed. Such 
issues as soil fertility are especially pertinent to Africa where soils are already infertile or 
degraded. Switching residue use from serving as an organic soil input to serving as a feedstock 
for energy can negatively impact soil fertility and crop production.  
Some assessments of what percent of each residue type can be used for energy have been 
made. For example, Cornelissen et al. (2012) found that 30-40% of all cereal, rapeseed, and soy 
residues can be recovered while almost 75% of coffee residues can be recovered. They also 
found that 50% of cassava residues, 19% of sugarcane residues, and approximately 50% of 
potato processing residues can be recovered (Cornelissen et al., 2012). The recoverable fractions 
took into account other uses and sustainability concerns. These estimates are global and most 
likely would need to be modified depending on the region. Hakala et al. (2009) used technical 
potential of crop recovery without including soil quality and sustainability concerns. For Africa, 
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the study used the recoverable fraction for cereal and oil crop residues of 30% while for cassava 
residues it was 50%. Their assumptions were based on the estimated biomass of the crop stubble 
left on the field as well as the residue lost through shedding of the straw material at harvest. The 
recoverable fractions for cereal and cassava are the same in both studies, yet one included 
sustainability concerns while the other one did not. There is a need, therefore, to develop 
recoverable fractions with sustainability in mind for the African region.  
The technical fraction of agricultural residues is used more commonly to estimate energy 
potential. Incorporating sustainability concerns into the recoverable fraction is more problematic 
and requires knowledge of local soil types, weather conditions, tillage systems, and potentially 
many other factors (Kemausuor et al., 2014). To deal with this uncertainty, the current study uses 
and compares recoverable fractions as identified through literature review and recoverable 
fractions developed from a farmer survey of the percent of each residue type wasted. 
To address the lack of rural electrification in Uganda, this paper estimates and compares 
the amount of electricity that can be produced from two sets of recoverable fractions of 
agricultural residues using the performance of an existing biomass conversion technology, 
Tiribogo village gasifier and an electrical generator. This allows for a realistic electricity 
potential estimate on a small-scale. We also provide recommendations for recoverable fractions 
based on residue energy potential, competing uses, and general availability. 
Methodology 
Tiribogo Power Plant   
To estimate how much electricity can be produced from agricultural residues we are 
using the technical performance of a gasifier and electrical generator located in Tiribogo village, 
central Uganda. This gasifier was chosen due to its successful continuous supply of electricity to 
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a rural community. The Tiribogo plant was installed by Swedish Pamoja Clean Tech AB in 2012 
(Pamoja Cleantech, 2017) with the financial help from Nordic Climate Facility (NCF, 2016). The 
gasifier, Husks Power System, was manufactured in India (Okure et al., 2014).  
The plant uses maize cobs supplemented with some coffee husks to run a gasifier seven 
hours a day to make producer gas to operate an internal combustion engine and generator that 
can produce 32 kW of electricity (Table 3.2 3.2). Cobs are provided for free by the households 
who are connected to the mini grid with $15 per ton for transport. Coffee husks are purchased at 
$40 per ton including transport (Okure et al., 2014). System electrical efficiency is 21% and 31% 
for maize cobs and coffee husks, respectively (Okure et al., 2014). Fuel consumption is 0.88 
kg/kWh and 0.74 kg/kWh for maize cobs and coffee husks, respectively. Land was provided free 
of charge by the chief of the community.  
Only 120 out of 200 households could afford to connect to the mini-grid and pay for 
electricity. Biochar, a by-product, is used to make briquettes for cooking by a local women’s 
group. Some of the challenges with the plant include irregular power generation due to variation 
in biomass supply, need for an automatic system to feed in maize cobs, and class tensions in the 
village due to unequal connection opportunities among households (Eder et al., 2015). 
Agricultural Residues  
We identified major crops grown in Uganda and their annual production in 2016. Banana, 
beans, cassava, maize, and sweet potato are the most common crops and are often grown on a 
small scale (UGBOS, 2009). Coffee and sugarcane are cash crops and can be grown on a 
commercial scale.  
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Table 3.2 Techno-economic summary of Tiribogo village gasifier producing biorenewable 
electricity in central Uganda
17
. 
 
 Tiribogo Power Plant 
Company name and origin   Pamoja Clean Tech, Sweden 
Project location  Tiribogo village, Central Uganda 
Project financing Nordic Climate Facility through Nordic Development 
Fund  
Capacity 32 kW 
Biomass conversion method Gasification  
Type of biomass  Maize supplemented with coffee husks 
Annual requirements of biomass 7 tons of biomass 
Cost of biomass Maize cobs are provided for free by the community plus 
$15 per ton for transport; coffee husks are purchased at 
$40 per ton including transport 
Bio-product Electricity 
By-product Biochar  
Uses of bio-product - Illuminating agricultural storage; local trade; study and 
work 
Unit price of bio-product $0.259/kWh (households) 
Challenges Waste water disposal; no automatic system to feed in 
maize cobs; access to electricity creates class tensions in 
the village 
Total investment  $81,480 
 
Residue uses from some of these crops were recorded from farmer interviews conducted 
from June to December in 2015 in Masaka District, Uganda (Table 3.3). We interviewed 150 
smallholder farmers on all uses of each residue type produced. We identified seven residue type 
uses: livestock feed, fuel, mulch, burning, wasting/discarding, giving away to neighbors, and 
animal bedding. Not every farmer grew all of the above selected crops, therefore the number of 
observations for each residue type differed. Interviews were performed in one district, however, 
we assume that the rest of the farmers in Uganda used residues for the same purposes.  
                                               
17 Pamoja Cleantech, 2017 
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The majority of the residues were used as a livestock feed or mulch. Farmers with no 
livestock gave away peelings from cassava, potato and sweet potato to the neighbors with 
livestock. Coffee husks was the only type of residue used for animal bedding. This study could 
not capture uses of agricultural residues coming from processing facilities such as sugarcane 
factories and coffee processing plants. To assume that all residues from cash crops are retained 
by the farmer would be inaccurate. The analysis includes these residues in the energy estimate 
but also discusses how the estimate would be different if they were not included. In order for a 
residue to be a valid feedstock for local electricity production, it has to be retained by the farmer. 
Therefore, all residues that are sold with the crop should be discounted from electricity potential.   
We applied residue-to-crop ratio to get the theoretical amount of residues available from 
each crop (Table 3.5): 
pR C RPR   
where R is the theoretical agricultural residue potential (metric tons per year), Cp is the crop 
production (metric tons per year), and RPR is the residue-to-crop ratio (tons of residue per ton of 
crop).  
We used two sets of recoverable fractions to estimate electricity potential. The first set of 
recoverable fractions was identified through literature review. We used the recoverable fractions 
as recommended by Cornelissen et al., (2012) to obtain technical electricity estimate - the 
realistically recoverable amount of power. In this estimate, the average percentage of recoverable 
residues was 40%. These fractions did not account for the fact that these residues are produced in 
a developing country with limited infrastructure and collection machinery. We used these 
estimates as a benchmark for electricity production. The second set of recoverable fractions came 
from farmer interviews conducted by the author.
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Table 3.3 Agricultural residue uses by smallholder farming households in Masaka District, 
Uganda (data collected between June and December, 2015).  
Residue Residue uses (%) 
 Number 
of 
farmers 
who grew 
the crop 
Livestock 
feed 
Fuel
a 
Mulch Burned
b 
Wasted
c 
Given to 
neighbor
d 
Livestock 
bedding
e 
Banana 
peelings 
n=138 76 0 16 0 1 7 0 
Bean 
residue 
n=131 5 0 90 1 3 1 0 
Cassava 
peelings 
n=127 69 0 22 0 8 1 0 
Coffee 
husks 
n=19 5 0 74 0 0 0 21 
Maize 
cobs 
n=129 2 92 2 0 2 2 0 
Maize 
stover 
n=129 4 0 92 0 2 2 0 
Millet 
residue 
n=0 NA NA NA NA NA NA NA 
Potato 
peelings 
n=10 30 0 70 0 0 0 0 
Sorghum 
residue 
n=0 NA NA NA NA NA NA NA 
Soybean 
residue 
n=4 0 0 50 25 0 25 0 
Bagasse n=10 10 0 70 20 0 0 0 
Sweet 
potato 
peelings 
n=96 80 0 16 0 0 4 0 
a 
Maize cobs are used as a fuel for cooking. 
b
 Some residues are burned on site without extracting energy content.  
c 
Some residues are left to rot on the farm.  
d 
Farmers with no livestock gave certain residue types to neighbors with livestock for feed.  
e 
The majority of the farmers sold their coffee beans with the husks with no residue return.  
Farmer interviews showed that approximately 9% of all residues were either burned or 
wasted. To reflect competing uses, we chose the percentage of each residue that was burned or 
wasted as the alternative recoverable fraction for that residue. For example, 1 and 3% of bean 
residues were burned and wasted, respectively. Therefore, we used 4% as the recoverable 
fraction for bean residues. 
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To estimate electricity potential from two sets of recoverable fractions, we used the 
performance of the gasifier that is located in Tiribogo village in central Uganda. Specifically, this 
gasifier has fuel consumption of 0.74 kg/kWh for coffee husks and 0.88 kg/kWh for maize cobs 
(Okure et al., 2014). A study conducted by Okure et al. (2014) estimated these fuel consumption 
rates to determine which residue type was more suitable for this type of gasifier. The outcome of 
the study demonstrated that both residue types were suitable for power production. The gasifier, 
however, runs mainly on maize cobs due to their availability in the village. We used a more 
conservative estimate of 0.88 kg/kWh for the rest of the residues since no data exists on fuel 
consumption for other residue types for this specific gasifier. The plant operates seven hours a 
day and we assumed that it is operational 350 days a year. To estimate electricity potential we 
used the following equation: 
f
c
R R
E
F HPD DPY


 
 
where E is recoverable electricity (MW), R is the theoretical agricultural residue potential 
(metric tons per year), Rf is recoverable fraction (decimal percentage), Fc is fuel consumption (kg 
of residue per kWh), HPD is the hours per day that electricity is generated from a gasifier-
powered generator, and DPY is the days per year that electricity is generated.  
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Table 3.4 Selected crops and annual residue production. 
Crop Crop 
production 
(million 
tons/year)
a 
Residue type  Residue-
to-crop 
ratio
b 
Residue 
production 
(million 
tons/year) 
Technical 
potential
d 
Recoverable 
fractions 
based on % 
of residues 
wasted
e 
Banana 0.6 Banana stalk 
& peels 
2.0  1.2  0.25 0.01 
Beans 1.0 Bean residue 1.4  1.4  0.35 0.04 
Cassava 2.9 Cassava 
stems & 
peels 
0.4  1.2  0.50 0.08 
Coffee 0.2 Coffee husk 1.0  0.2  0.75 0 
Maize 2.7 Maize cobs 0.3  0.8  0.35 0.02 
Maize 2.7 Maize stover 2.0  5.3  0.35 0.02 
Millet 0.2 Millet straw 1.4  0.3  0.35 NA 
Potatoes  0.2  Potato vines 
& peels 
0.4  0.07  0.50 0 
Sorghum 0.3  Sorghum 
stalk 
1.4  0.4  0.35 NA 
Soybeans 0.2  Soybean 
residue 
2.7  0.4  0.35 0.25 
Sugarcane
c 
17 Sugarcane 
bagasse 
2.1 3.6  0.19 0.20 
Sweet 
potato  
2 Sweet potato 
vines & 
peels 
0.4  0.9  0.50 0 
a 
FAO, 2016  
b a 
Okello et al., 2013; Dasappa, 2011; Tenywa et al., 2015
  
c 
Sugarcane production in 2016 was 3.7 million tons with 2 million tons being used by Kakira Sugar Ltd. 
The assumption is that the rest of the sugarcane is available for gasification.  
d 
Recoverable fractions from Cornelissen et al. (2012) 
e 
Recoverable fraction derived from farmer interviews as the percentage of residues either burned or 
wasted. Data for millet and sorghum are not available (NA) because farmers in Masaka District do not 
grow those crops  
Results 
Technical electricity estimate produced by applying the recoverable fractions as 
recommended by Cornelissen et al. (2012) amounted to 2,434 MW (Figure 3.2). It was less than 
one percent of the theoretical electricity potential. Maize stover, bagasse, cassava stems and 
peels, and bean residues were the greatest contributors (Table 3.5).  
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Electricity produced from the wasted residues amounted to 516MW which was only 
0.07% of the theoretical electricity potential. Bagasse contributed the greatest share of this 
estimate. Soybean residues, maize stover, and cassava stems and peels contributed an 
approximately an equal amount while banana residues contributed the least amount to the total 
electricity (Table 3.5).  
Table 3.5 Electricity from technical, wasted residues, and theoretical potential. 
Residue type Technical potential (MW) Wasted residues 
potential (MW) 
Theoretical 
potential (MW) 
Bean residue 229 26 65,481 
Banana stalk & 
peels 
135 5 54,067 
Cassava stems & 
peels 
268 43 53,533 
Coffee husk 84 0 11,226 
Maize cobs 130 9 37,055 
Maize stover 865 49 247,034 
Millet straw 53 0 15,214 
Potato vines & 
peels 
16 0 3,145 
Sorghum stalk 71 0 20,426 
Soybean residue 67 48 19,047 
Sugarcane bagasse 319 336 167,827 
Sweet potato vines 
& peels 
197 0 39,462 
Total 2,434 516 733,516 
 
 Electricity produced from the residues that were used for mulch amounted to 4,499 MW 
which was 0.6% of the theoretical electricity potential. The greatest amount of electricity came 
from the residues that were used for mulch followed by the technical potential and electricity 
produced from wasted residues. Only electricity produced from wasted residues had potential 
below that of the current power capacity in the country of 720 MW.  
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Figure 3.2 Comparison of current power capacity and electricity produced from technical 
potential (recoverable fractions from Cornelissen et al. (2012)), wasted residues, and residues 
used for mulch. 
 
Discussion 
Technical electricity potential can increase Uganda’s current power capacity by more 
than three times. However, this estimate does not account for the fact that residues are produced 
and collected in a developing country with infrastructure and residue collection issues. 
Collection of any residue type will be challenging for smallholder farmers who are constrained 
by labor and time availability. Residues that will be recommended for small-scale electricity 
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production should be produced locally with reasonable collection, processing, and pretreatment 
requirements.  
The greatest share (35%) of the technical estimate came from maize stover which is 
primarily produced on a small scale. Maize stover would need to be pretreated first to get it down 
to the right size for the gasifier which would add extra cost and time requirement. Maize stover, 
therefore, will most likely not be a suitable option for the gasification technology we have 
chosen. By excluding this feedstock, electricity potential will decrease by 64% to 1,569 MW.  
Bagasse was the second greatest contributor (13%) to the technical power potential. The 
majority of sugarcane production is happening on a commercial scale with sugar processing 
factories contracting farmers to grow the crop. Bagasse, the residue left after the extraction of 
juice from sugarcane, is concentrated within sugar processing factories. Kakira Sugar Ltd, for 
example, uses bagasse to produce combined heat and power for itself. Farmers, who grow 
sugarcane, therefore, do not receive bagasse back which eliminates this feedstock as a potential 
energy source for local gasification. By excluding this residue type, the electricity production 
decreases further to 1,250 MW.   
Energy potential from coffee husks is probably overestimated as well because farmers 
sell their coffee with the husks. The study could not estimate how much of coffee husks were 
produced by smallholder farmers versus commercial farmers and how much of coffee husks 
were retained by the farmers after sale; therefore, the estimate was left as is. The rest of the crops 
are produced primarily on a small scale with processing done by the farmers which indicates that 
these residues could potentially be used for local electricity production. Residues from annual 
crops seem to be more appropriate for electricity production on a local scale based on their 
availability and suitability for gasification. If we apply the recoverable fractions recommended 
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by Cornelissen et al. (2012) and exclude maize stover and bagasse from the estimate, the 
technical power potential is reduced by half but it is still two times more than the current 
capacity.  
Energy potential from wasted residues constituted 72% of the existing power capacity of 
720 MW. Approximately 65% of this estimate came from bagasse. Soybean residues, cassava 
peelings, and maize stover comprised another 27% of the estimate. Bean and banana residues 
and maize cobs contributed the rest 8%. Sugarcane production seems to have the biggest 
potential in electricity production in Uganda. However, our assumption was that all crops were 
produced on a small scale and sugarcane production is done primarily on a commercial scale 
with little residue retention by the farmers. Therefore, bagasse could be more suitable for large 
scale electricity production by sugarcane processing companies and should be excluded from our 
estimate.  
Soybean residues and cassava peelings, on the other hand, could potentially be 
appropriate sources for electricity production. These residues are produced on a small scale, 
processed, and retained by the farmers. Maize stover would need to be reduced in size before it 
can be fed into a gasifier. The size of residue particles impacts energy efficiency of the system 
and gas composition (Ruiz et al., 2012). Maize stover, therefore, cannot be used as an energy 
source and should be excluded from the estimate. This would reduce the total electricity 
production from wasted residues to 131 MW which is approximately 18% of the current 
capacity. This estimate can be increased from the residues from millet and sorghum. However, 
their uses could not be identified from farmer interviews because farmers in Masaka District do 
not grow these crops.  
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For small scale gasification for electricity to be feasible, a community can specialize in 
one crop similarly to Tiribogo village where farmers specialize in maize production. 
Specialization in one crop can ensure sufficient supply of a feedstock that is uniform in shape 
and chemical properties, all of which is important for the quality of the final product.  However, 
there is limited data connecting villages and crop specialization. Additionally, producing power 
from a specific residue type may incentivize farmers to grow only one crop which can 
compromise food security, biological and genetic diversity, and ecosystem services such as soil 
health. It was demonstrated that sugarcane producing communities in Eastern Uganda 
experienced greater levels of food insecurity compared to the rest of the country (Lwanga et al., 
2015). It was connected to land use change where important staple crops such as cowpeas, 
soybeans, finger millet, and yams were replaced with sugarcane (Mwavu et al., 2016). 
Communities can avoid negative consequences of practicing a monoculture for energy reasons if 
they can grow multiple crops that can produce sufficient amounts of residues to meet electricity 
demand. These residues need to require reasonable collection, processing, and pretreatment 
efforts.  
Electricity production from the wasted residues represents a conservative but a more 
realistic estimate for power potential in Uganda than the technical electricity estimate. According 
to farmer interviews, the majority of the residues have already established uses except for 9% 
which are either burned or discarded. Cornelissen et al. (2012), on the other hand, allowed 
approximately 40% of all residues to be dedicated to energy purposes. Even our 9% is most 
likely an overestimate if residue collection, processing, and pretreatment are considered. 
According to our interviews, more than 50% of all residues are used as a mulch which does not 
necessarily mean that this percentage satisfies soil nutrient requirements. Some soils are severely 
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degraded and require large amounts of nutrients to regain fertility. Therefore, in some instances a 
bigger percentage of residues could be dedicated to mulch which would further reduce our 
electricity potential.  
The study found that crops that produce peelings such as banana, potato, sweet potato, 
and cassava are suitable for local energy production. However, it should be done with caution as 
these residues are fed to livestock. Northern Uganda, for example, has large livestock numbers 
which means lower energy potential. Other parts, however, have lower numbers of livestock and 
therefore larger energy potential. Residue use for energy should reflect regional differences and 
needs.   
Residues from cash crops such as coffee and sugarcane are not recommended for local 
electricity production because these crops are sold with no subsequent residue return to the 
farmers. Coffee and sugarcane processing facilities are better candidates for utilizing these 
residues for energy.  
The focus on small scale electricity production is valid and deserves more attention, 
however it is important to consider other possibilities in the light of new policy developments. 
The current policies of agricultural modernization in Uganda are switching the focus from small-
scale farming to commercial production. If farming becomes more commercial and intensive, a 
greater production of agricultural residues will occur which, if not properly managed, can lead to 
waste problems. Linking agricultural and energy sectors can lead to a more efficient allocation of 
resources and better environmental and health outcomes.  
This study has a couple of limitations. First, we assume that Tiribogo gasifier can be 
adopted by any community in Uganda. While this gasifier proved to be successful in one village 
it does not mean that it will be successful in other places. Different communities may have 
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different attitudes and perceptions of modern technologies, therefore it is essential to conduct 
more studies to identify communal needs, resources, concerns, and capabilities. Additionally, the 
Tiribogo village gasifier represents a unique collaboration between national and international 
stakeholders which is unlikely to replicate itself in other locations. Seeking help and 
collaboration from within Uganda may be a more viable option for rural communities in need of 
electricity. Second, we made an assumption that data collected from one district were 
representative of the whole country. While some of the crops are grown in nearly every district 
in Uganda, others are not and their agricultural uses can be very different. Third, this study did 
not take into account soil quality concerns as it would have required an extensive analysis of 
soils, tillage systems, and climate. Therefore, a more comprehensive approach is needed to 
estimate which residues and from where can be used for sustainable energy production as well as 
labor requirements for collection, processing, and pretreatment of each residue type.  
Conclusion 
We focused on rural electrification in Uganda through power production from 
agricultural residues. Currently, the country relies substantially on biomass for its energy needs, 
which contributes to environmental and health issues. Our analysis suggests some potential of 
utilizing biomass resources to meet the growing energy demand in Uganda. Specifically, the 
results indicate that electricity generation from the recoverable fractions of residues that are 
wasted comprises 70% of the current power capacity. Using the recoverable fractions as 
recommended by Cornelissen et al. (2012) can increase power capacity by more than three times. 
Bagasse is the biggest electricity contributor in both power estimates. However, coffee and 
sugarcane are cash crops and often sold with no subsequent residue retention by the farmers. 
When we exclude these residues together with maize stover, which requires pretreatment, both 
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energy estimates reduce substantially. We recommend using only wasted residues for energy 
production since the majority of the residues already have established uses. Most of the residues 
are used as a livestock feed and mulch, taking residues away from these uses can undermine food 
security and soil quality.  
Future studies need to investigate how soil quality can be incorporated into energy 
potential. While our estimates draw on the existing technology and competing residue uses, 
incorporating soil fertility can provide even a more valuable estimate of agricultural residues that 
are truly available for energy. In order for this to happen, there needs to be an assessment of crop 
specialization by village, residue uses and soil quality status throughout the country, and 
attitudes, needs and capabilities of communities without electricity.  
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CHAPTER 4.   ADDRESSING FOOD SECURITY IN UGANDA VIA SOIL QUALITY 
AND CROP PRODUCTION 
Modified from a manuscript to be resubmitted to the Journal of Rural Studies  
Nataliya Apanovich, Robert Mazur, Mark Mba Wright 
Abstract 
 Food security is threatened by deteriorating soil quality and declining crop yields in 
Uganda and throughout Africa where a majority of the population relies on small scale farming 
for its livelihood. To understand these dynamics, this study investigates the relationships among 
soil quality, crop yields, socioeconomic factors and food security (measured as household meals 
per day) during the seasons of scarcity and plenty from interviews with 150 farmers in south-
central Uganda. Using multivariate logistic regression, total acreage, banana (Musa × 
paradisiaca L.) and bean (Phaseolus vulgaris L.) yields were positively associated with food 
security during the season of plenty (OR = 1.44, 1.86, and 2.21, respectively). During the period 
of scarcity, total acreage, maize (Zea mays L.), and bean yields were associated with food 
security (OR = 1.70, 2.57, and 3.18, respectively), while off-farm income was associated with 
less food security (OR = 0.13). The results indicate that land size and crop yields are more 
important for smallholder food security than soil quality in terms of direct relationships. 
However, with a fast growing population and finite natural resources, these relationships are 
expected to change.  
Keywords: crop yields, indigenous soil types, meal consumption.  
Introduction 
 “Food security exists when all people, at all times, have physical and economic access to 
sufficient, safe and nutritious food that meets their dietary needs and food preferences for an 
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active and healthy life” (FAO, 1996). Food insecurity remains one of the greatest global 
development challenges with 815 million people (11% of the global population) being food 
insecure in 2016 (FAO, 2017), despite declining steadily since 1990-1992. Food insecurity is 
manifest through hunger and, consequently, malnourishment.   
 In sub-Saharan Africa (SSA), food insecurity constitutes a humanitarian crisis in which 
approximately 23% of the population is undernourished (FAO, 2017). This situation reflects high 
annual population growth (2.5%) without a corresponding growth in food supply. Food 
insecurity in SSA is the outcome of multiple causal factors: socioeconomic (high population 
growth, poor infrastructure, slow economic development) (Babatunde et al., 2007), political 
(government instability, corruption, lack of political transparency) (Allouche, 2011), and 
biophysical (poor or deteriorating soils, deforestation, erratic rainfall patterns, crop pests and 
diseases) (Gregory et al., 2005; Nelson et al., 2010). Agriculture plays a central role in food 
security, especially in SSA where most of the population depends on subsistence farming. 
However, agriculture’s impact is dependent on the availability of good quality soils and 
household socioeconomic status. It is important, therefore, to incorporate natural and human 
resources in the analysis of food security.  
This paper utilizes the sustainable livelihoods approach as an analytical tool to 
understand the association between capitals (assets) and food insecurity. Previous studies on 
food security demonstrate the importance of some of these assets (Alinovi et al., 2010). For 
example, human and financial assets (farm size, age, education and income) are among the most 
common predictors of food security in SSA, as discussed below.  
 A study in Kwara State, Nigeria conducted by Omotesho et al. (2006) utilizing logistic 
regression found farm size, gross farm income and total non-farm income to be significant 
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predictors of rural household food security measured as daily per capita calorie consumption. 
Frongillo and Nanama (2006) found economic status to be negatively correlated with food 
insecurity in northern Burkina Faso (Frongillo and Nanama, 2006). Abafita and Kim (2013) used 
two measures of household food security, a self-reported food security status and a 
multidimensional index generated through principal component analysis, to identify important 
food security determinants in Ethiopia. Their ordinary least squares (OLS) regression analysis 
found age, education, rainfall, livestock, off-farm activities, and soil conservation to be 
significantly and positively related to household food security.  
 Natural assets (land and soil) on the other hand, are less studied in the context of food 
security. Good quality soil, for example, is a key factor in agricultural productivity but is rarely 
analyzed as a food security predictor (D’Hose et al., 2014). Depletion of soil fertility is a major 
biophysical cause of low per capita food production in Africa. Small-scale farmers often remove 
nutrients from the soil when harvesting crops and the associated biomass without adding inputs, 
thus creating a negative soil nutrient balance (Sanchez, 2002). Mining of soil nutrients in Africa 
is estimated at annual depletion rates of 22 kg N, 2.5 kg P and 15 kg K per hectare of cultivated 
land over the 30 years since 1975 (Sanchez 2002; Henao and Baanante 2006). These practices 
contribute to declining productivity. 
A series of experiments conducted on tropical soils determined that yield decline follows 
a curvilinear, negative exponential pattern with different soils showing different degrees of 
impact (Santini and Severino, 2008). For example, Ferralsols (35% of the tropics and subtropics) 
have low resilience to soil loss, meaning that once vegetation is removed they degrade quickly 
(Stocking, 2003).  However, research on cause-effect relationships linking soil quality 
degradation to food production is scarce, especially for soils of SSA (Lal, 2009). According to 
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Leliveld et al. (2013), during the last 50 years the population of Uganda increased by a factor of 
five while food production increased by a factor of three; the latter involved doubling the food 
cropping area but only 50% increase in yields.  
 This paper examines household food security in relation to socioeconomic factors, soil 
quality and crop yields. In this paper, soil quality refers to the ability of soil to sustain crop 
productivity. Food security, measured as the number of meals eaten per day at household level, 
has been assessed by other researchers (Wiesmann et al., 2006; Hoddinott and Yohannes, 2002; 
Ruel, 2003). Predictors of food security are determined using a multivariate logistic regression 
model (Frongillo and Nanama, 2006; Abafita and Kim, 2013; Omotesho et al., 2006). The 
following hypothesis was developed based on the presented evidence: socioeconomic status, soil 
quality, and crop yields are associated with increased meal consumption per day with seasonal 
variability. 
Methods and Data 
 Farmer interviews were conducted during September-October 2015 in Masaka District 
covering six sub-counties (Bukakata, Mukungwe, Buwunga, Kabonera, Kyanamukaka, Kyesiga) 
and one division (Katwe-Butego). In total, 150 smallholder farmers were interviewed 
representing 92 villages and 30 parishes. One objective of this survey was to collect data on 
demographics, soil type and quality, soil management practices, farming practices, and off-farm 
income. Figure 4.1 shows the location of the households surveyed in Masaka. 
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Figure 4.1 Map of 150 sampled households in Masaka District, Uganda, 2015. 
  
Table 4.3 in the Supporting Information shows the conversion of local units to their 
equivalent in kg as well as the time it takes for each crop to reach physiological maturity.  
Sampling 
 
 District-level administrative units consist of sub-counties, parishes, and villages. To 
choose 150 farmers, five villages were randomly chosen per parish. Then one to six farmers were 
identified in each village with an average of two households per village. Farmers were identified 
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from either farmer training records kept by local extension services or by village leaders. A list 
of all potential farmers (approximately 500 farmers) was created and then used to randomly 
select 150. In order to capture cross-village variation, the number of farmers surveyed per village 
was limited to a maximum of six.  
 Farmers interviewed represented a range of locations and farming systems. Interviews 
consisted of 22 questions covering agricultural production and food security topics. Interviews 
were conducted by two researchers. The majority (66%) of those interviewed were women age 
of 30 or older. Most farming households had four to seven members. Most farm sizes were 
between one to two hectares, with the average size of 1.61 ha. Seven or eight years of primary 
schooling was the most common educational level achieved. Only 32 percent of farmers 
surveyed had access to electricity.  
Description of Explanatory Variables  
 
The concept of food security is complex and includes availability, access, affordability, 
use, and stability of food (Ericksen et al., 2011; FAO, 1996). This study focuses primarily on 
food availability, considering a household ‘food secure’ when household members eat more than 
two full meals a day. The study captured meal consumption during the season of scarcity and 
plenty. The same measure was used by Moreno-Black and Somnasang (2000) to examine food 
availability on a seasonal basis, and Generoso (2015) who found that inter-annual and intra-
annual rainfall variability has a negative impact on food security. The ‘season of plenty’ refers to 
the period right after harvest, and it usually occurs from June to September, and December to 
March in Uganda. The ‘season of scarcity’ coincides with the periods of intensive agricultural 
production activities, which are from March to June, and September to December in Uganda. 
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Socioeconomic factors are commonly considered to explain variation in food security 
among poor households (Carletto et al., 2013). Bashir et al. (2013) used household size, 
education, livestock, and income to understand variation in food security in rural Pakistan. 
Mengistu et al. (2009) used marital status, household size, livestock and income in their study. 
Omotesho et al. (2006) used household size and farm size. The current study used four 
continuous variables (total amount of land to which a farmer has use rights, years lived in 
village, household size and education) and two binary variables (off-farm income and access to 
electricity) as socioeconomic indicators. Crop production variables include soil quality and crop 
yields (coffee [Coffea robusta (L.) Linden], banana (Musa × paradisiaca L.), beans (Phaseolus 
vulgaris L.), and maize (Zea mays L.)).  
Measurement and Analysis  
 
 Eleven variables (household size, education, years lived in a village, total acreage, soil 
quality, banana yield, coffee yield, maize yield, beans yield, electricity, and off-farm income) are 
used in a multivariate logistic regression model for each season to determine which variables are 
associated with having three meals per day (compared to two or less). The soil quality variable 
has ordinal categories (responses: poor, fair, good, excellent) which reflect farmers’ knowledge 
and terminology used when describing their soil. Farmers were asked to characterize their soil 
according to those ordinal categories and explain their characterization which was confirmed 
through observations of the soil and crops by the researcher and extension agent. This reduced 
subjectivity among farmers’ responses. Soil type is a categorical variable that is based on 
farmers’ indigenous nomenclature taking into account soil color and texture. Seven soil types are 
most common – liddugavu (black fertile soil), luyinjayinja (stony soil), limyufumyufu (red soil), 
lusenyusenyu (sandy soil), lubumbabumba (rich in clay soil), kiwugankofu (silty and dusty soil), 
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kikusikusi (brown soil). Crop yields were calculated based on farmers’ reported acreage and 
harvested amount for each crop, which produced values that are not normally distributed, hence 
the natural logarithm of yields was used (Lobell et al., 2011; Evenson and Mwabu, 2001). 
Household size, education, years lived in a village, and total acreage are continuous measures.  
 Analyses were performed in R 3.4.0 using the stats package by the model fitting 
functions glm () (R Core Team, 2017). The analysis employs multivariate logistic regressions to 
identify relationships among variables. Multicollinearity was not a problem since the variance 
inflation factor did not exceed the cut-off value of 2 for any of the independent variables. Only 
84 observations were included in the first regression analysis because not all households grew all 
four crops chosen for investigation. All 150 observations were included in the second regression 
that analyzed soil quality and number of meals. The results are reported in odds ratios (OR), 
which are calculated by exponentiating the variables’ coefficients. This measure tells the 
expected change in the odds of meals per day for each unit increase of each variable. A logistic 
model provides a better fit to the data if it demonstrates an improvement over the intercept-only 
model (null model). An improvement over this baseline is examined by using the likelihood ratio 
test using lrtest () function from the lmtest package in R (R Core Team, 2017). The H0 holds that 
the null model is true and a p-value for the overall model fit that is less than 0.05 provides 
evidence against the null model. Goodness-of-fit statistics assessed the fit of logistic models 
against actual outcomes by using the hoslem.test () function from the ResourceSelection package 
in R (R Core Team, 2017). The Hosmer-Lemeshow test, an inferential goodness-of-fit test, 
yielded χ2 of 6.748 and 10.516 for the plenty and scarcity models (Table 4.1), respectively, and 
was insignificant for both models (p ≥ 0.05), suggesting that the models were fit to the data well.  
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Masaka District  
 
 Masaka district is one of the most densely populated (245 people per square kilometer) in 
Uganda due to its favorable climate and proximity to Lake Victoria. Annual rainfall ranges 
between 1,100 and 1,200 mm and comes in two rainy seasons, which allows for two growing 
seasons per year. Temperatures range between 10
°
C and 30
°
C (Masaka District Local 
Government, 2012). Topography of the region is characterized by hills and ridges with an 
average altitude of 1,150 m above sea level. Masaka District has a total area of 1,603 km
2
, half of 
which is land
 
and the other half is wetlands
 
(Masaka District Local Government, 2012). The 
dominant coffee-banana crop production system is supplemented with cassava (Manihot 
esculenta Crantz), sweet potatoes (Ipomoea batatas [L.] Lam), beans, groundnuts (Arachis 
hypogaea L.), and maize.  
 High population density and growth have led to agricultural land fragmentation, cropping 
intensification, deforestation, rainfall variability and decreased soil fertility. Despite the region’s 
good climate and overall fertile soils, the quality of those soils has been deteriorating at a high 
rate. In Masaka District, soil degradation was estimated to affect 50% of the area (Berry et al., 
2003). The situation is exacerbated by insufficient soil conservation practices due to lack of 
knowledge, interest or incentives. This makes Masaka District susceptible to food insecurity and 
a good site to study the dynamics of soil quality and food production. An estimated 73% of all 
households in the district depend on farming for their livelihoods (Masaka District Local 
Government, 2012).  
Results and Discussion 
 
 The results indicate that total acreage and banana, maize, and bean yields are positively 
associated with meals per day, while off-farm income is negatively associated. Even though soil 
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quality was not significant, we chose to analyze it further. Soil quality represents a natural asset 
and, due to limited research on the role of natural assets in food security, we decided it was 
appropriate to continue investigating this determinant. Additionally, soil quality is expected to 
play a bigger role in food security due to climate change, agricultural intensification, and 
increasing population; by choosing to continue analyze soil quality we can assess its significance 
for food security in Uganda.  
Food Security  
 
 In both seasons, farmers’ modal response was two meals per day. As Figure 4.2 shows, 
during the period of scarcity, 20, 61 and 19 percent had one, two and three meals, respectively. 
During the period of plenty, corresponding values were 7, 64, and 29 percent, respectively. Thus, 
the ‘period of scarcity’ is very aptly named for a significant proportion of farming households. 
 When considering both seasons, 13.5 percent of households have one meal per day. This 
number differs from the six percent reported by the World Food Programme in 2013 for 
Uganda’s rural and urban populations (McKinney, 2009). This difference is likely due to higher 
meal consumption rates in urban areas. Indeed, according to the same study, in the country’s 
capital city, Kampala, only five percent consumed one meal per day.  Our results show that 
eating only one meal per day is much more common during the season of scarcity when food 
availability is less and costs are higher.   
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Figure 4.2 Household number of meals per day in season of plenty and scarcity (pairwise 
comparison using Welch two sample t-test showed a significant difference in meal consumption 
between two seasons with the mean number of meals in plenty and scarcity of 2.23 and 1.99, 
respectively, P ≤ 0.001). 
 
In the season of plenty, the odds of having more than two meals increased with total 
acreage, banana and bean yields. The significance of banana and bean yields in the season of 
plenty could be attributed to banana’s importance as a staple energy food and to beans’ role as 
the main source of protein. During the period of scarcity, the odds of having more than two 
meals were negatively associated with off-farm income and positively associated with total 
acreage and maize and bean yields. The negative association might be explained by households 
diverting their food growing time to non-food related income earning activities, or by households 
with limited agricultural resources being forced to rely on non-agricultural activities yet earning 
income too low to ensure food security. 
 Five variables (off-farm income, total acreage and banana, maize, and bean yields) are all 
associated with our measure of food security. In the season of plenty, each additional acre 
increases the probability of food security by 44%, and each unit increase in ln banana and ln 
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bean yields is associated with greater probability (86% and 121% higher, respectively) of food 
security.  
 During the period of scarcity, each additional acre is associated with 70% higher 
probability of having more than two meals. During the same period, off-farm income lowers the 
probability by 87% while ln maize and ln bean yields are associated with 157% and 218% higher 
probability, respectively. Table 4.1 contains data regarding factors associated with the odds of 
household members eating more than two meals per day during seasons of scarcity and plenty.  
Total acreage and bean yield are the only variables that are significant in both seasons. 
Both variables are especially important in the season of scarcity when the probability of having 
more meals is greater than in the season of plenty. Land size was also important for food security 
in Kenya because larger and higher quality land endowments allow accumulation of cash and 
livestock, both of which are related to improved food security (Stephens et al., 2012). The 
significance of total acreage could also be related to total crop production. It was previously 
demonstrated that households with insufficient food availability obtained the majority of their 
energy from crops produced on-farm (Frelat et al., 2016). Beans are important in food security 
because it is a staple crop for dietary protein in East Africa (Kweka et al., 2005). In Uganda, 
common bean ranks third as the most widely grown crop and is the most important source of 
protein (Haggblade and Dewina, 2010).  
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Table 4.1 Coefficients and statistical significance for odds ratio (OR) of having three vs. two or 
less meals per day during seasons of plenty and scarcity (n=84). 
Variables Model Coefficients P value OR 
Soil Quality (Fair) Plenty > 2 -0.081 0.901 0.923 
 Scarcity > 2 -0.587 0.507 0.908 
Soil Quality (Good) Plenty > 2 -0.002 0.998 0.998 
 Scarcity > 2 -0.899 0.536 1.704 
Off-Farm Income** Plenty > 2 -0.067 0.909 0.935 
 Scarcity > 2 -2.053 0.033 0.128 
Total Acreage** Plenty > 2 0.368 0.015 1.444 
 Scarcity > 2 0.533 0.007 1.704 
ln (Banana Yield)** Plenty > 2 0.622 0.043 1.863 
 Scarcity > 2 0.497 0.197 1.644 
ln (Coffee Yield) Plenty > 2 -0.077 0.636 0.926 
 Scarcity > 2 -0.112 0.568 0.894 
ln (Maize Yield)* Plenty > 2 0.247 0.508 1.281 
 Scarcity > 2 0.946 0.097 2.574 
ln (Bean Yield)* Plenty > 2 0.793 0.064 2.210 
 Scarcity > 2 1.157 0.060 3.180 
Years Lived In Village Plenty > 2 -0.017 0.380 0.983 
 Scarcity > 2 -0.007 0.792 0.993 
Household Size Plenty > 2 -0.094 0.420 0.910 
 Scarcity > 2 -0.048 0.759 0.953 
Electricity Plenty > 2 0.172 0.787 1.188 
 Scarcity > 2 0.879 0.293 2.408 
Education Plenty > 2 -0.025 0.816 0.976 
 Scarcity > 2 0.131 0.358 1.138 
     
Test  χ2 df P value 
Overall Model Evaluation     
Likelihood Ratio Test Plenty 21.462 1 0.029 
 Scarcity 31.566 1 0.001 
Goodness-of-Fit Test     
Hosmer & Lemeshow Plenty 6.748 8 0.564 
 Scarcity 13.763 8 0.088 
** Significant at P ≤ 0.05; * Significant at 0.10.
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  In Uganda, banana, maize, beans, and cassava are the staple food crops grown primarily 
for home consumption, and they are commonly intercropped. Coffee is the main cash crop for 
rural households and is most often intercropped with banana; beans and maize constitute another 
common intercropping system. Cassava is often sparingly grown in bean-maize systems. These 
farming practices obfuscate crop planting areas and yields. As many farmers operate under 
subsistence conditions, they tend to consume their crops during the growing season and sell them 
incrementally before, during, and after the harvest.  These factors could contribute to the low or 
non-significance of crop yields data by making them spatially and temporally dispersed (Fermont 
and Benson, 2011). 
 Banana, however, is the most important staple food of the central region where 
‘matooke’, mashed steamed green bananas, is eaten as often as three times a day. Banana 
‘plantations’ are grown close to the house and often receive more household organic food scraps 
in addition to ash, which might contribute to improved soil quality and yields (van Asten et al., 
2004). However, farmers have been reducing the size of their banana ‘plantations’ in the region 
due to increased pest and disease problems. Banana weevil, banana bacterial wilt, sigatoka and 
nematodes are the most common problems (Ochola et al., 2013). The role of banana in the diet of 
the central region, therefore, is expected to change in the future as farmers are slowly replacing 
banana plantations with new crops. These changes will influence farmers’ food consumption 
patterns. 
 Off-farm income was another significant variable in the analysis. Off-farm income was 
negatively associated with the number of meals. This can be due to more time being diverted to 
non-food production activities. According to the survey, 27 percent of the farmers spent their off-
farm income on school fees, which further contributes to the idea of non-farm income earning 
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activities competing with food production efforts. Similarly, some East African studies on the 
effects of off-farm income found decreased agricultural production with increased off-farm 
income (Holden et al., 2004). Off-farm income was also found to be more important in 
households with higher food availability (Frelat et al., 2016). It may be that the households in 
this study are too food insecure and/or poor for off-farm income to make a difference in their 
food security status.   
 Another important characteristic in crop production is acreage prioritization according to 
crops. Figure 4.3 shows crop acreage distribution for coffee, banana, beans, maize, and cassava. 
As shown, smaller fields are associated with a greater variety of crops while coffee and banana 
start to dominate from 0.75 ha upwards. Figure 4.4 shows the crop acreage relationships for 
coffee and the four staple crops (banana, beans, maize, and cassava), with banana and cassava 
acreages being positively associated with coffee acreage.  Coffee is favored relative to beans in 
large farms as shown by the smaller size of bean fields relative to coffee in farms with 1.5 ha or 
more of land.  This can be due to either widespread pests and diseases or general preference for 
coffee over beans. A study by Bagamba et al. (1998) found that farmers derived more income 
from coffee than from other crops such as beans and maize. Preference for coffee as a source of 
income could potentially lead farmers to allocate land to cash crops, leaving them with less land 
for growing staple crops.  It also indicates that farmers grow a great diversity of crops on smaller 
acreages, which supports the claim that beyond a certain acreage coffee is grown as a monocrop. 
On the other hand, having large coffee acreage generates extra income which improves farmers’ 
livelihoods. However, with the current trends of climate change and the rapid spread of pests and 
diseases in central Uganda, having large acreages under any one crop creates risk for farmers.  
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Figure 4.3 Coffee, banana, beans, maize, and cassava crop acreage distributions shown as histograms with a mean (denoted by the red 
line). 
 
75 
 
 
 
 
Figure 4.4 Relationships between hectares of coffee and beans, maize, banana, and cassava 
expressed as a quadratic function with 0.90 confidence interval. 
Relationship Between Soil Type and Quality   
 
 The majority of soils in Masaka District are Ferralsols, which are old and highly 
weathered (Esilaba et al., 2005). These soils used to be quite fertile but due to land use change 
and mismanagement they have become among of the poorest (Pender et al., 2004). In the study 
area, the most common soil types identified by the farmers are black (Phaeozem) and red 
(Ferralsol).  Figure 4.5 shows seven local soil types classified by the criteria that were identified 
by farmers and their perceived quality based on crop yields. The black soil was most often 
described as fair in quality while the rest of the soils were perceived as fair or poor. Only a few 
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farmers reported their soil as excellent; therefore, this soil quality was excluded from the 
regression analysis.  
 
Figure 4.5 Soil types according to local classification and their perceived quality. 
   
 Only 40.6% of farmers used a soil conservation practice, with no farmer using more than 
one. The most common soil management practice was digging of trenches (14.0%) followed by 
burying of weeds (6.3%), compost manure (4.9%), fallowing (4.2%), and green manure (2.8%).   
Relationship Between Meals and Soil Quality  
 
 The primary analysis did not find soil quality to be significant but we chose to look at it 
because it is often ignored in food security studies. Additionally, soil quality is expected to have 
a bigger impact on food security in SSA with climate change and growing populations. When the 
soil quality variable is analyzed in isolation, the regression analysis shows a direct relationship 
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between soil quality and the number of meals consumed by a household. Table 4.2 presents 
regression coefficients and odds ratios for soil quality and three meals a day vs. two or less. Soil 
quality reported as good is statistically significant in both seasons, thus indicating that there is a 
strong positive relationship between good soil quality and having three meals a day. However, 
because the primary analysis did not find soil quality to be significant and the second model is 
limited in scope, these results can only imply a positive association between soil quality and 
number of meals.  
Table 4.2 Coefficients and statistical significance for odds ratio (OR) of having three vs. two or 
less meals per day during seasons of plenty and scarcity based on soil quality (n=150). 
 
** Significant at P ≤ 0.05 
 Most (80%) farmers who characterized their soil as either poor or fair were having two or 
fewer meals per day. Half (50%) of farmers with good soil quality had three meals per day. The 
odds of having three meals per day is more than five times as high for good compared to fair soil 
during the season of scarcity, and nearly four times as high during the season of plenty, 
respectively. This indicates that households with poor soil quality experience greater food 
insecurity in the season of scarcity. Figure 4.6 shows the proportion of farmer household meals 
per day in seasons of plenty and of scarcity grouped by soil quality types.  
 Results only partially support the hypothesis because only socioeconomic and crop 
production determinants were found to be associated with increased meal consumption.  
Variable          Season Coefficient P value OR 
Soil quality (fair) Plenty 
 Scarcity 
0.363 
0.369 
0.377 
0.461 
1.33 
1.27 
Soil quality (good)**          Plenty 
Scarcity 
1.407 
1.750 
 
0.029            
0.017 
3.77 
5.04 
78 
 
 
 
Figure 4.6 Proportion of farmer household meals per day in the plenty and scarcity seasons 
grouped by soil quality types. 
 Limitations  
 The study acknowledges the limitations that are associated with measuring food security 
only by the number of meals eaten per day. The central Ugandan diet is rich in calories but 
generally lacks amino acids (McKinney, 2009). Additionally, a household classified as food 
insecure on the basis of its members eating two meals a day (or less) might still consume 
adequate food in which each meal contains a large quantity of food. Therefore, more indicators 
such as caloric and nutrient intake should ideally be measured when analyzing determinants of 
household food security status.  
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 Crop yields were calculated using estimates of crop production and area planted that were 
based on farmer recall. In some instances, farmers were not sure about the size of their land or 
their crop production. In these cases, the interviewer (with the help of a skilled extension agent) 
probed farmers to develop an estimate. However, this method produced data that are not 
normally distributed, hence yield transformation with natural logarithm was made. Direct field 
measurements would have produced more accurate values with less variability among farmers.  
 Soil quality was recorded based on farmer recall. Even though farmers generally know 
the quality of their soil, the rating of soil quality in a given field could vary among farmers for 
non-objective reasons. We operated under the assumption that all farmers used the same criteria 
to characterize their soil.  
 The survey was designed to gather relatively simple indicators that are comparable across 
villages and farming systems. Therefore, the information gathered on any one topic, such as food 
security, was not as in-depth as is possible in location–specific surveys.  
Conclusion 
 This paper examined household food security in south-central Uganda by analyzing soil 
quality, crop production, and socioeconomic factors. Five factors were found significant: total 
acreage, off-farm income and banana, maize, and bean yields. Total acreage and bean yield 
affect food security in both seasons unlike the other factors. The study also found that the 
majority of crops are grown on either poor or fair soils and that the number of meals is higher in 
both seasons for households with good quality soils compared to those with fair soil quality. The 
study also found that smaller farm size is associated with a greater variety of crops while larger 
landholdings permit growing coffee as a monocrop. The results indicate that while soil quality 
should be considered in food security studies, it is land size and crop yields that determine 
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household meal consumption in rural Uganda. Such issues as land fragmentation and low crop 
yields should be addressed to improve food security in Uganda. 
The study demonstrates that socioeconomic and agronomic characteristics of farming 
households should be considered jointly in food security studies, and that the sustainable 
livelihoods approach encourages researchers to incorporate the range of relevant factors in the 
analysis.  
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Supporting Information 
 
Table 4.3 Crop growing seasons, traditional units of measuring harvest and their equivalent in 
kg. 
 
Crop Growing season  Traditional units Amount/unit  
Maize 3.5 months Tin 20 kg 
Beans 2.5-3 months Tin 20 kg 
Coffee 3-4 months Sack 70 kg 
Groundnuts 4 months Tin/sack 14/60 kg 
Cassava 1 year Basket 20 kg 
Sweet potato 3-4 months Basket 20 kg 
Irish potato 3-4 months Basket 20 kg 
Bananas 1.5 years Bunch 32 kg 
Yams 1 year Basket 25 kg 
Tomatoes 3 months Plywood box 50 kg 
Cabbage 3 months Head 1k g 
Eggplant 3 months Sack 100 kg 
Green peppers  3 months Tin/Basket 15 kg 
Pineapple 2 years Head 1k g 
Passion fruit 5 months Basket 15 kg 
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CHAPTER 5.   CROPPING SYSTEMS AND SOIL QUALITY AND FERTILITY IN 
SOUTH-CENTRAL UGANDA 
 
Modified from a manuscript published in African Journal of Agricultural Research  
Nataliya Apanovich, Andrew W. Lenssen 
 
Abstract 
 
Little is known about how cropping systems influence soil quality and fertility in Uganda.  
Some cropping systems are more valued and as a result are given more nutrients and planted in 
certain soils, all of which leads to varying soil quality and fertility. This study compared soil 
quality (soil pH, cation exchange capacity (CEC), electric conductivity (EC), total N, and depth 
to restrictive layer (DRL) and fertility (extractable P, K, Ca, Mg, and Na, and base saturation 
(BS) from five cropping systems (banana (Musa × paradisiaca L.)-dominant (B), coffee [Coffea 
robusta (L.) Linden]-dominant (C), banana-coffee (BC), annual with no crop rotation (ANR), 
and annual with crop rotation (AR); fertilized and unfertilized soils; and three soil types (black 
(Phaeozem), red (Ferralsol), and black-stony) in south-central Uganda. The analysis included 
farm assessments to establish management history of studied fields and soil sampling from 53 
fields in Masaka District, Uganda. Main-effects ANOVA was employed to determine differences 
in means in soil under different cropping systems, soil types, and fertilizer use. Soil quality (pH 
at depths of 0 to 10 cm and 20 to 30 cm, CEC, and EC) and fertility (extractable Ca and Mg) 
varied by cropping system. The AR and B systems had higher soil quality and fertility compared 
to other cropping systems. Soil quality (pH at depths of 0 to 10 cm and 0 to 15 cm and DRL) and 
soil fertility (extractable P and K) varied by soil type. Black and black-stony soils had higher soil 
quality and fertility than red soils. Soil quality and fertility did not vary by fertilizer use. The 
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results of this study indicate that both cropping system and soil type influence soil quality and 
fertility in south-central Uganda.  
Key words: soil types, soil management, perennial cropping, annual cropping. 
Introduction 
East African soils exhibit poor quality characteristics that are attributable to their 
geological age, climate, and land use. In Uganda, for example, the most common soil type is 
Ferralsol, which is depleted in nutrients, highly weathered and comparatively infertile soil. The 
fertility of East African soils is further degraded by anthropogenic activities, primarily through 
agriculture. As the majority of Ugandan population depends on agriculture, looking at 
agricultural activities and their impact on soil is important.   
Agricultural use changes soil properties through cropping and soil management. In 
Uganda, cropping systems are characterized by intercropping annual and perennial crops. The 
two most common crops in south-central Uganda are Robusta coffee [Coffea robusta (L.) 
Linden] and banana (Musa × paradisiaca L.), both of which are perennial and often intercropped 
(Okonya et al., 2013). Soil management practices are minimal and can include application of 
organic and inorganic fertilizers; practicing rotations, monocropping, or fallowing; and installing 
trenches for soil and water conservation (Nkonya, 2002). The dynamics between cropping 
systems, soil management, and soil types need to be studied to better understand their influence 
on soil quality and fertility.   
Several studies have found that cropping systems influence soil quality. Intensive 
monocropping of banana changed physical, chemical, and biological properties of Andosols and 
Nitisols in French West Indies (Clermont-Dauphin et al., 2004). Annual crops had the greatest 
erosion rates followed by rangelands, banana-coffee, and banana alone in central Uganda (Lufafa 
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et al., 2003). Cropping system influenced culturable rhizosphere bacterial community structure 
irrespective of plant species in West African soils (Alvey et al., 2003). Coffee agroforestry 
systems had greater soil organic carbon than coffee monocrops in Ferrallitic soils in Uganda 
(Tumwebaze and Byakagaba, 2016). Low-external-input subsistence farming caused serious N 
depletion in Kenya (De Jager et al., 2001). 
Agricultural inputs can positively impact soil properties, especially organic and synthetic 
fertilizers. Frequent fertilizer use increased concentrations of exchangeable K and P in fruit and 
rubber plantation trees compared to the plantations with no fertilizer use in China (Zhang and 
Zhang, 2005). Straw application in Niger led to an increase in base saturation and pH and a 
decrease in extractable Al (Kretzschmar et al., 1991). Green manuring improved organic matter 
and soil microbial activity in the tropics (Chander et al., 1997). Application of banana stalks, 
field crop residues, and cattle manure increased banana yields in central Uganda (Bekunda and 
Woomer, 1996).   
More research is needed on the effects of cropping systems on soil quality and fertility in 
south-central Uganda. Additionally, farmer practices need to be included in the analysis.  This 
study looked at soil quality and fertility parameters and their variation by cropping system, 
fertilizer use, and soil type in south-central Uganda.  
Materials and Methods 
Site Description  
The study site was located in Masaka District, near Lake Victoria in south-central Uganda. 
The district covers an area of 1,603 km
2
, half of which is wetlands, with an average altitude of 
1,150 m above sea level. The area is under a banana-coffee agroecological zone. Banana 
production has been on-going for 1000-1500 years (Lejju et al., 2006) while native Robusta 
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coffee was developed as a plantation crop around the 1900s (Thomas, 1947). A favorable 
equatorial climate with two rainy seasons per year has allowed intensified banana production 
without crop rotation for millennia (Lejju et al., 2006). However, due to population increase (152 
to 248 people per km
2 
from 1999 to 2012) and consequent pressure on land resources, soils have 
been deteriorating (Sebukyu and Mosango, 2012).  The banana-coffee cropping history of 
Masaka District and its deteriorating soils make it a good area to study why and how soils are 
declining.  
Field Sampling  
Farmer interviews, farm assessments, and soil sampling were conducted from June to 
September 2016 in the Masaka District covering six sub-counties (Bukakata, Mukungwe, 
Buwunga, Kabonera, Kyanamukaka, Kyesiga) and one division (Katwe-Butego). In total, 53 
smallholder farms were assessed representing 42 villages. Figure 5.1 shows the location of the 
sampled villages in the Masaka District.  
The study was designed to examine field-level soil quality and fertility under annual and 
perennial cropping systems in Masaka District, Uganda. Multi-stage, purposive sampling method 
was used to identify farms. First, one or two villages were randomly chosen from each of 26 
parishes, making 42 villages in total. Then, one or two farms in each village were identified from 
either farmer training records kept by local extension services or by village leaders. One field 
was chosen per farm for assessment based on a cropping system.  
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Figure 5.1 Map of the Masaka District and sampled villages. 
Farm assessments included taking soil samples; interviewing farmers on soil management 
practices and history of the assessed field, and researcher observations of the soil, location, and 
crops grown. All farm assessments were performed by the same two people to ensure 
comparability of the results across fields. Field age ranged from one to 100 years of cropping 
with a mean of 28 years according to farmer recalls. The majority of fields (n=30) had been in 
agricultural production between one and twenty years following removal of bush or native forest. 
The number of crops per field ranged from one to five with a mean of 2.6 crops per field. Major 
crops included coffee, banana, common bean (Phaseolus vulgaris L.), and maize (Zea mays L.). 
The majority of fields were intercropped while 13 fields were monocropped. All fields fell into 
one of the three major local soil types with black (Liddugavu, Phaeozems), red (Limyufumyufu, 
Ferralsols), or black-stony types (Luyinjayinja), representing 19, 25, and 8 fields, respectively.  
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Cropping and Soil Management  
The study investigated five cropping systems: banana-dominant (B), coffee-dominant 
(C), banana-coffee (BC), annual with no crop rotation (ANR), and annual with crop rotation 
(AR). The B system has banana as the main crop, which is either monocropped or intercropped 
with one or more annual crops such as beans, maize, and cassava (Manihot esculenta Crantz). 
The C system has coffee as the main crop, which is either monocropped or intercropped with one 
or more annual crops such as beans, maize, and cassava. The BC system has banana and coffee 
as two main crops, which can be intercropped with one or more annual crops such as beans, 
maize, and cassava. The ANR system has only annual crops such as maize, beans, and cassava, 
which can be monocropped or intercropped, and is not rotated. The AR system also consists of 
annual crops such as maize, beans, and cassava, which can be monocropped or intercropped. 
Farmers in this system, however, rotate crops from season to season.   
All farmers were interviewed on which crops they grew during the time of the interview 
and in the previous season, and crop rotations. Based on the responses to these questions and 
field observations, the researcher determined categorization of the cropping system.   
The analysis included a binary fertilizer use variable (no vs. yes). All farmers were 
interviewed on any nutrient application to the fields including organic (animal manure, mulch, 
agricultural residues, green manure, compost) and synthetic fertilizers (diammonium phosphate 
(DAP), calcium ammonium nitrate (CAN), urea). The fertilizer use variable, therefore, did not 
differentiate between organic and inorganic fertilizers. Synthetic fertilizer application rates are 
too small (gross average rate of 1 kg ha
-1
) in Uganda to cause any significant changes in soil 
properties (Nkonya, 2002; Ronner and Giller, 2013). As a result the fertilizer use variable 
combined organic (n=26) and synthetic (n=9) nutrient applications.  
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The soil type variable included three levels: black, red, and black-stony. Farmers were 
asked to classify their soil and based on their responses, which were supplemented with field 
observations, each field was characterized as either under black, black-stony, or red soil. 
According to the FAO-UNESCO soil legend, black soil corresponds to Phaeozems and is 
generally more fertile than other soil types (Goettsch et al., 2016). Black-stony soil is shallow, 
characterized by plinthitic and quartzitic stones, and is located on hilltops or outcrops (Mulumba, 
2004). Red soil corresponds to Ferralsols (Goettsch et al., 2017) and is strongly weathered. Red 
soil forms more than 70% of the soil on which most of the farming is practiced in Uganda 
(Wortmann and Kaizzi, 1998). 
Soil Sampling and Analysis 
Fifteen soil properties were examined, including pH at different depths (0-10 cm, 0-15 
cm, 10-20 cm, 20-30 cm, 30-50 cm), cation exchange capacity (CEC), electrical conductivity 
(EC), total N, extractable P, K, Na, Ca, Mg, base saturation (BS), and depth to restrictive layer 
(DRL). The CEC, EC, total N and extractable P, K, Na, Ca, and Mg were determined at the 
depth of 0 to 15 cm. Soil pH and EC were measured using the potentiometric method with soil to 
water ratio of 1:2. Soil CEC was estimated based on the quantities of Ca
2+
, Mg
2+
, and K
+ 
extracted by the Mehlich-3 test (Ross and Kettering, 2011). Total N was measured by Kjeldahl 
digestion with sulphuric acid and selenium as a catalyst. Extractable P, K, Na, Ca, and Mg were 
measured by Mehlich-3 test (Mehlich, 1984). The BS was calculated based on the concentrations 
of Mg, K, and Ca. The DRL was measured in the center of each field by digging vertically with a 
shovel until it was physically impossible to continue. Most often, the restrictive layer was 
characterized by parent material.  
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All soil parameters were separated into two categories: soil quality and soil fertility. Soil 
quality included soil pH, CEC, EC, total N, and DRL. These parameters represent intrinsic soil 
properties that are generally slow to change. Soil fertility included P, K, Ca, Mg, Na, and BS; Na 
is not a nutrient but it can indicate soil quality problems if high concentrations are present. These 
soil properties represent a dynamic state or health of a soil that reflects its condition under a 
specific management system (Karlen et al., 1997) 
Statistical Analysis  
Analysis of variance (ANOVA) was performed in R to examine the main effects of 
cropping system, fertilizer use, soil type on soil quality and fertility (RStudio Team, 2015). 
Following significant F-tests, means were compared using Fischer Least Significant Difference 
(LSD) Test at P ≤ 0.05. Analyses were performed on natural log-transformed EC, P, K, Ca, and 
Mg concentrations, which were back transformed for presentation to readers. Pearson 
correlations and simple linear regressions (RStudio Team, 2015) were included for better 
understanding of the relationships among soil parameters.  
Results 
Cropping Systems and Soil Quality and Fertility  
Soil quality and fertility varied by cropping system. Soil pH at depths of 0 to 10 cm and 
20 to 30 cm, CEC, and EC varied by cropping system (Table 5.1). Soil pH at depth of 0 to 10 cm 
was the greatest in AR system followed by B, BC, ANR, and C systems. The AR had 
significantly greater soil pH at depth of 0 to 10 cm compared to ANR and C systems. Soil pH at 
depth of 20 to 30 cm was the greatest in B systems followed by AR, BC, ANR, and C systems. 
The AR, B and BC had significantly greater soil pH at depth of 20 to 30 cm compared to the C.
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Table 5.1 Soil quality properties from three soil types (black, black-stony, and red), fertilized and unfertilized soils, and five cropping 
systems (AR is annual with crop rotation, ANR is annual with no crop rotation, B is banana-dominant, BC is banana-coffee , and C is 
coffee-dominant). Soil collected from Masaka District, Uganda with collection period from June to September 2016. 
  
Property 
   pH               
0-10 cm 
pH               
0-15 cm 
pH        
10-20 cm 
pH            
20-30 cm 
pH          
30-50 cm 
CEC 
0-15 cm 
EC 
0-15 cm 
Total N 
0-15 cm 
DRc 
  Units      meq 100g-1 µS cm-1 mg kg-1 cm 
Soil type           
Black n=19 5.9ab 5.9
a 6.1 6.2 6.1 10.1 60 0.14 70a 
Black-stony n=8 6.0a 5.9
ab 6.1 6.1 6.0 10.9 56 0.16 57b 
Red n=25 5.7b 5.5
b 5.9 6.0 5.9 8.7 49 0.14 65ab 
Fertilizer use  
 
        
Yes n=35 5.8 5.7 6.04 6.07 6.03 8.86 67 0.14 5.8 
No n=17 5.7 5.6 5.98 6.09 6.01 7.74 63 0.13 5.7 
Cropping 
system 
 
 
        
AR n=5 6.1a 6.1
 6.3 6.2ab 6.0 14.9a 67a 0.14 58 
ANR n=6 5.6b 5.5 5.9 5.9
bc 5.9 9.3bc 43bc 0.15 62 
B n=9 5.9a 6.0
 6.2 6.3a 6.3 10.7b 65a 0.14 65 
BC n=26 5.8ab 5.6
 6.1 6.1ab 6.0 8.9bc 56ab 0.15 66 
C n=6 5.6b 5.3
 5.6 5.7c 5.7 6.4c 34c 0.14 74 
Significance    P value 
Soil type           *    NS NS NS     NS    NS          NS      
Fertilizer use       NS NS NS NS NS     NS   NS          NS    NS 
Cropping 
systems 
  
        NS NS  NS                  NS    NS 
**, *, and NS indicate statistical significance at P ≤ 0.05, 0.10, and not significant, respectively.  
ab
 Means followed by a different letter within a column set are significantly different at P ≤  0.05 by LSD test.  
c 
DRL = depth to restrictive layer. 
pH and EC by potentiometric determination; total N determined by colorimetry; CEC determined based on the quantities of Ca
2+
, 
Mg
2+
, and K
+ 
extracted by the Mehlich-3 test; DR determined by digging vertically with a shovel until it was physically impossible to 
continue. 
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Table 5.2 Mehlich-3 extractable P, K, Ca, Mg, and Na concentrations from three soil types (black, black-stony, and red), fertilized and 
unfertilized soils, and five cropping systems (AR is annual with crop rotation, ANR is annual with no crop rotation, B is banana-
dominant, BC is banana-coffee, and C is coffee-dominant). Soil collected from Masaka District, Uganda with collection period from 
June to September 2016. 
   Property P K Ca Mg Na BS
b 
  
   Units 
_____________________________
 mg kg
-1 ___________________________
 %   
Soil type                 
Black n=19 43
a
  134
ab
 856 159 32 71   
Black-stony n=8 21
b
 187
a
 841 160 36 72  
Red n=25 20
b
 94
b
 625 123 32 62   
Fertilizer use         
Yes n=35 28 121 772 149 31 67  
No n=17 25 116 660 125 31 66  
Cropping system                
AR n=5 45 114 1562
a
 262
a 
37 78  
ANR n=6 18 117 613
bc 
118
bc 
37 63   
B n=9 29 126 1080
ab 
196
ab 
32 75   
BC n=26 28 134 656
bc 
130
bc 
31 65   
C n=6 19 70 424
c 
84
c 
30 57   
Significance    P value   
Soil type      NS NS NS NS   
Fertilizer use   NS NS NS NS NS NS   
Cropping systems   NS NS   NS NS 
**, *, and NS indicate statistical significance at P ≤ 0.05, 0.1, and not significant, respectively.  
 b 
BS: base saturation  
 ab
Means followed by a different letter within a column set are significantly different at P ≤  0.05, by LSD test. 
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The CEC concentration was the greatest in AR systems followed by B, ANR, BC, and C 
systems. The AR had significantly higher CEC concentration compared to the rest of the 
systems. The B had significantly higher CEC concentration compared to C systems. The EC 
concentrations were the greatest in AR systems followed by B, BC, ANR, and C systems. The 
AR, B, and BC systems had significantly higher EC concentration compared to the C. 
The C system had the lowest pH at depths of 0 to 15 cm, 10 to 20 cm, and 30 to 50 cm. 
All systems had similar total N concentrations, ranging from 0.14 mg kg
-1 
to 0.15 mg kg
-1
. The C 
systems had the greatest depth to restrictive layer followed by BC, B, ANR, and AR systems.  
Soil fertility varied by cropping system. Such soil fertility parameters as extractable Ca 
and Mg were significant (Table 5.2). The extractable Ca concentration was the greatest in AR 
systems followed by B, BC, ANR, and C systems. The Mehlich-3 Mg concentration was the 
greatest in AR systems followed by B, BC, ANR, and C systems.  
The AR systems had the greatest extractable P concentrations followed by B, BC, C and 
ANR systems. The BC systems had the greatest extractable K followed by B, ANR, AR, and C. 
The ANR and AR systems had higher Na concentration compared to B, C, and BC systems. The 
AR system had highest BS followed by B, BC, ANR, and C systems. 
Soil Types and Soil Quality and Fertility  
 
Soil quality and fertility varied by soil type. Such soil quality parameters as pH at depths 
of 0 to 10 cm and 0 to 15 cm, and DRL were significant (Table 5.1). Black-stony soil had 
significantly greater pH at depth of 0 to 10 cm compared to red. Black soil also had significantly 
higher pH at depth of 0 to 15 cm compared to red soil. Black-stony and black soils had similar 
and higher pH at all depths compared to the red soil type. Black-stony soils had the shortest 
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depth to restrictive layer (57 cm) followed by red (65 cm) and black soil types (70 cm).  Black-
stony and black soil types varied by DRL. Black-stony and black soils had also higher and 
similar CEC compared to the red soil type. Black-stony soil had higher total N concentration 
compared to red and black soil types. 
 Soil fertility varied by soil type. Such soil fertility indicators as extractable P and K were 
significant. Black soil had the greatest concentration of P followed by black-stony and red soil. 
Black-stony soil had the greatest concentrations of K followed by black and red soils with red 
soil having significantly lower K concentrations compared to black-stony soil. Black and black-
stony soil types had highest and similar concentrations of extractable Ca, Mg, and BS compared 
to red soil. Black and red soils had similar and lower Na concentrations compared to black-stony 
soil.  
The red soil type was the most frequent and it was primarily under BC and B cropping 
systems. The black soil was the second most frequent and it was primarily under BC, B, and AR 
systems. The black-stony soil type was the least frequent and it was under BC and ANR systems.  
Fertilizer Use and Soil Quality and Fertility  
Soil quality and fertility did not vary by fertilizer use. Out of a total of 52 fields, 17 
received no fertilizer of any type. Fertilized soil, however, had higher soil pH at depth of 20 to 
30 cm, CEC, EC, and total N compared to the unfertilized soils (Table 5.1). Fertilized soils also 
had highest BS and nutrient concentrations while Na was not different between fertilized and 
unfertilized soils (Table 5.2).  
98 
 
 
Correlations Among Soil Chemical Properties 
Almost all soil parameters were either highly (r > 0.8) or moderately (r of 0.5 to 0.8) 
positively correlated with each other at the significance level of P ≤ 0.01.  
Table 5.3 Pearson correlation coefficients (r) among selected soil properties. 
 pH  CEC EC N P K Na Ca Mg 
pH  
   
 
 
 
  
CEC 0.77
b 
 
    
 
  
EC 0.52
b 
0.49
b 
  
  
 
  
N  0.44
b 
0.64
b 
0.23   
    
P  0.18 0.34
a 
0.52
b 
0.16  
 
 
  
K  0.62
b 
0.59
b 
0.82
b 
0.47
b 
0.36
b 
  
  
Na  0.16 0.23 0.17 0.29
a 
0.05 0.21    
Ca 0.87
b 
0.97
b 
0.53
b 
0.59
b 
0.34
a 
0.62
b 
0.21   
Mg  0.86
b 
0.96
b 
0.49
b 
0.61
b 
0.26 0.60
b 
0.20 0.97
b 
 
DRL -0.21 -0.23 -0.18 0.11 0.24 -0.18 -0.09 -0.24  
BS  0.98
b 
0.77
b 
0.43
b 
0.42
b 
0.14
 
0.52
b 
0.15 0.87
b 
-0.22
b 
a
 Correlation is significant at P ≤ 0.05.  
b 
Correlation is significant at P ≤ 0.01. 
 
Figure 5.2 Linear relationships for soil pH predicting total N, extractable K, Ca, Mg, P, and Na 
from 53 farms in Masaka District, Uganda 2016. 
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Soil pH was correlated with all of the measured soil properties except for P, Na, and soil 
DRL (Figure 5.2). This indicates that soil pH is dependent on Ca, Mg, and K. Soil DRL was not 
correlated with any soil parameter, which could mean that it is influenced by either soil forming 
processes, landscape position, or erosional-depositional processes.  
Discussion 
Coffee and ANR systems had the lowest soil quality and fertility while B and AR 
systems had the highest. The BC system exhibited moderate soil quality and fertility compared to 
the other systems.  
Low soil quality and fertility in coffee systems can be attributed to several factors. First, 
Mulumba (2004) found that 99% of the farmers in the Lake Victoria Basin of Uganda grow 
coffee because it is the main source of income. The study also reported that only 58% and 26% 
of the farmers mulched and controlled erosion under coffee compared to 70% and 72% of the 
farmers who mulched and controlled erosion under banana. This was attributed to greater returns 
per hectare from the coffee compared to banana and the importance of banana as a major staple 
crop. Therefore, soil quality management is motivated by food security rather than income. 
Second, coffee production diminishes soil quality through the removal of nutrients by harvest 
(Shively and Hao, 2012). In Uganda, coffee is harvested twice per year and is sold as 
unprocessed beans meaning that the husks from the coffee are unlikely to be returned to distant 
coffee fields. This slow removal of nutrients over time can lead to significant nutrient 
deficiencies in soil. Indeed, low P and K concentrations in the coffee system are explained by the 
removal of residues by harvest (Yamoah et al., 1990). Low Ca and Mg concentrations were also 
found by Nzeyimana et al. (2013) in Tanzanian coffee soil which caused Al toxicity. The 
sampled soils had low BS which leads to high extractable Al and limitations to crop production.  
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Third, coffee plantations do not produce enough residues that can be used for mulch or 
soil cover as, for example, banana or maize do, thus further depleting the soil through erosion 
and leaching. Finally, coffee, as a non-staple crop, is typically grown away from the home and 
soil fertility decreases within a farm at increasing distances from the homestead due to limited 
labor (Nzeyimana et al., 2013). These characteristics of coffee production help explain lower soil 
quality and fertility in coffee systems. Additionally, coffee is evenly spread across all three soil 
types indicating that there is either no soil preference to grow coffee, no choice in what soil to 
grow coffee since not every farmer has multiple soil types, or that farmers grow coffee wherever 
they can to secure income.  
Low soil quality and fertility under ANR systems was confirmed by Mulumba (2004). He 
found that annual cropping systems had lower soil pH, soil organic N, and exchangeable Mg and 
P compared to banana and banana-coffee systems. This could be attributed to minimal soil 
management and the fact that annuals can be both cash and food crops. Indeed, Mulumba (2004) 
found that only 5% of the farmers in the Lake Victoria Basin of Uganda practiced mulching on 
annual cropping systems.  
Banana and AR systems showed higher soil quality and fertility compared to other 
systems. Bananas are most often intercropped with such annual crops as beans and maize, both 
of which provide residues for mulching (Bekunda and Woomer, 1996). Higher nutrient content 
in banana soils can also be attributed to banana residue use in banana plantations and typically 
more organic residue use in banana systems as they tend to be closer to the homestead. Bekunda 
and Woomer (1996) and Wortmann et al. (1998) found that most farmers transferred annual crop 
residues to banana fields. Farmers also tend to allocate their best land to banana cropping 
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because banana is essential to food security. All of these can explain higher levels and 
concentrations of soil pH, CEC, EC, and macronutrients in banana soils compared to coffee soils.  
Additionally, the results indicate that farmers prefer to grow banana on black and red 
soils only. Black-stony soils are too shallow, drought-prone, have poor water infiltration rate, 
and are more prone to water logging during the rainy season to be dedicated to a major food 
security crop like banana (Wortmann, et al., 1998). Both land choice and soil management 
explain why fields cropped with banana contain more nutrients, especially K, than fields under 
coffee and annual crops.  
The AR systems had the highest soil quality and fertility compared to the rest of the 
systems. Specifically, these cropping systems had the highest levels and concentrations of CEC, 
EC, P, Ca, and Mg. This can be attributed to several factors. First, the rotation of crops has many 
benefits, some of which can include pest and disease suppression and prevention. Second, crop 
rotations contribute to improved nutrient uptake and water. Finally, because soil is influenced by 
the previous crop, the type and quantity of crop residues produced, practicing crop rotation can 
provide additional organic matter and nutrients to soil. 
The rotations studied in this paper consisted of maize, beans, and cassava with different 
farmers rotating different combinations of these crops. Cereal/legume rotation was found to 
improve soil P availability and increase P uptake (Alvey et al., 2001). Additionally, it was 
demonstrated that soils under cereal/legume rotation had higher Mg than the soils under 
continuous maize (Okpara and Igwe, 2014). These findings help explain why AR systems in this 
study had the highest concentrations of P and Mg compare to other systems. The AR systems 
were found primarily in black and black-stony soils and since black soils are the most fertile, it 
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can help explain why these systems are associated with high soil quality and fertility compared 
to other systems.  
Black and black-stony soils had similar and higher soil quality and fertility compared to 
red soils. This indicates that there are similarities between black and black-stony soils. The fact 
that several cropping systems were found in black-stony soils, indicates that this type of soil is 
common.  
Soil quality and fertility did not vary by fertilizer use which can be explained by minimal 
application of organic and inorganic nutrients by Ugandan farmers. Murage et al. (2000) found 
that 100% of the studied farmers in Kenya attributed low soil fertility to inadequate use of 
organic and inorganic fertilizers. Synthetic fertilizer is estimated to be used by only 10% of 
smallholder farmers in Uganda (Benin et al., 2002). High cost of fertilizer limits its use and it is 
not profitable on nutrient depleted soils (Ronner and Giller, 2013). Organic inputs such as 
manure, compost, and mulch are practiced by a small number of farmers due to labor 
requirements and lack of availability (Nkonya et al., 2004). 
One of the limitations of this study is that it could not establish a cause-effect relationship 
between cropping systems and soil types and soil quality. All data were gathered at one point in 
time which allowed only for descriptive analysis. It is still unclear whether farmers choose their 
best quality soil for the most important crops or if they plant crops only on the soils to which the 
crops are adapted to. For example, the results indicate that coffee is grown in soils with lower 
soil pH compared to the rest of the cropping systems; however, coffee is also more adapted to 
acidic soil conditions. Therefore, further research is needed to study farmer decision making as 
well as the impact of cropping and soil type on soil quality. This can be done through farmer 
interviews and controlled field experiments over a period of time.  
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Conclusions 
Soil quality and fertility varied by cropping system and soil type. The AR and B systems 
were associated with the highest soil fertility and quality while ANR and C systems were 
associated with the lowest soil fertility and soil quality. Black and black-stony soils were found 
to have similar and higher soil quality and fertility than red soils. Fertilizer use was not found to 
be associated with soil quality or fertility. Soils in C and ANR systems should be studied more to 
establish whether their quality is impacted by farmer decision making to grow the systems in 
certain soil types or the crops and their management.  
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CHAPTER 6.   ENERGY AND FOOD SECURITY IN UGANDA: EXPLORING 
INTERCONNECTIONS AND TIME TRENDS FROM 2004-2014 
 
Modified from a manuscript submitted to Energy Policy  
Nataliya Apanovich, Yu Wang
 
Abstract 
Sub-Saharan African countries rely heavily on biomass to meet energy demands. 
Population growth and corresponding pressure on biomass resources risk undermining energy 
and food security. This study investigated the relationships that biomass availability has with 
food and energy security in Uganda by developing performance indices. The analysis evaluated 
temporal trends (2004-2014) in energy and food security as well as their associations with 
biomass availability. Results show that energy and food security decreased, with energy security 
decline more pronounced, which is associated with the decline in affordability and 
environmental stewardship dimensions. Results also indicate a significant relationship between 
energy security and biomass availability. An energy transition trend was also observed with 
people consuming less fuelwood and more liquefied petroleum gas and electricity. More research 
is needed to fully understand the impact of energy transition on food security.  
Key words: biomass scarcity, food access, energy transition. 
Introduction 
 
          Sub-Saharan African countries rely heavily on biomass resources to meet their energy 
needs. Due to increasing energy demand, triggered by rapid population growth, biomass 
resources are decreasing. Uganda is a good representation of this trend where land area under 
forest reduced from 17.6% in 2004 to 10.4% in 2014 (World Bank, 2016). With a population 
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growth of three percent per year and more than 90 percent of all energy coming from biomass, 
the country is struggling to provide adequate energy for its citizens. A rich body of literature 
exists on energy security, but few studies address energy security in sub-Saharan Africa (Brown 
et al., 2014; Knox-Hayes et al., 2013; Sovacool & Brown, 2010). It is important, therefore, to 
evaluate the security of energy supply in Uganda and understand which aspects of energy 
consumption are most affected by biomass scarcity to better prepare the society for an energy 
transition.  
          Biomass is important to food security in most of sub-Saharan countries because it is the 
primary fuel used for cooking (Lee, 2013; Jagger & Kittner, 2017). Studies that have 
investigated the connection between energy and food from a biomass availability standpoint in 
sub-Saharan Africa are limited (Sola et al., 2016). This can be explained by the 
multidimensionality of the issue: not all links and connections within and between energy, food, 
and biomass are well understood, studied, or measurable (Hoskins, 1990; Hosonuma et al., 2012; 
Kisel et al., 2016; Palmer & MacGregor, 2009; Sunderland et al., 2013). Studies have usually 
addressed only two of the three sectors, with energy and food studied most and energy and 
biomass used interchangeably (Sola et al., 2016). More recent studies investigated the energy-
food-water nexus with a focus on environmental issues as the ‘cohesive principle’ from which 
the three areas are considered jointly (Bazilian et al., 2011; Brears, 2018). 
Some empirical evidence that is available on the issue suggests competition between 
energy and food when biomass resources are scarce. For example, Sola et al. (2016) highlight 
three intersections of energy and food when households are faced with fuelwood scarcity. First, 
energy access influences dietary choices and nutrition: when fuelwood is scarce, households 
reduce the number of meals served and switch to foods that require less cooking time (Brouwer 
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et al., 1997; Egeru et al., 2014; Makungwa et al., 2013). Second, fuel scarcity leads to household 
resource reallocation: households spend more time procuring fuel and less time on food 
production (Madubansi & Shackleton, 2006). Third, the use of lower grade fuels influences 
agricultural productivity. When fuel is scarce, households turn to agricultural residues and 
manure which diminishes agricultural productivity. Biomass scarcity locks communities into 
cycles of over-exploitation of biomass from croplands, concurrent degradation and consequently 
even less biomass availability (Karlberg et al., 2015). It was shown that the decision to allocate 
residues to soil fertility management is influenced by the quantity of residues produced, labor 
availability, and purchasing of firewood (Berazvena, 2013). 
Transitioning to non-biomass fuels is often associated with an improved household 
economic status. Switching from one type of fuel to another is considered to be movement along 
the ‘energy ladder’. This transition depends on household income level where improved 
economic status leads to abandoning inefficient, less costly and more polluting fuels in favor of 
intermediate fuels (kerosene, coal, and charcoal) and then modern fuels (LPG and electricity) 
(Heltberg, 2004). Some studies have found that people do not switch fuels but rather ‘stack’ (use 
of multiple fuels types) them, depending on their unique circumstances (Masera et al., 2000). 
This model claims that households depend on a portfolio of energy options and that it is unusual 
for households to make a complete fuel switch from one technology to another (Masera et al., 
2000). Some studies found little evidence of correlation between income and advanced fuel type 
use (Pachauri et al., 2004). Others identified energy prices, energy access, and local fuel 
availability as drivers of energy transition (Pachauri and Jiang, 2008).  However, almost no 
knowledge exists on the impact of energy transition on food security in sub-Saharan Africa. 
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How is the reduction in biomass resources associated with energy and food security in a 
biomass-dependent country? This paper attempts to answer this question by evaluating energy 
security in relation to food security and biomass availability. Uganda serves as a case study but it 
can serve as a general representation of other sub-Sharan Africa countries with similar energy 
consumption patterns. To evaluate energy security over time and identify any energy transition 
trends, an energy security index was constructed using four commonly cited dimensions and 
indicators collected from multiple agencies. These dimensions show changes in fuel 
consumption, fuel prices, energy intensity, and air pollution. Energy security and food security 
are then correlated to biomass availability. Understanding these relationships can help determine 
potential associations among biomass scarcity and energy and food security.  
Methodology 
Energy Security  
 There are 45 definitions for energy security in the Routledge Handbook of Energy 
Security (Sovacool, 2010). Many energy security indices and models were developed for a 
specific region or to measure a specific energy security concern. For example, the International 
Energy Agency (IEA) developed the Model of Short-Term Energy Security for energy security 
evaluations of its member states (IEA, 2011). The Shannon index looks at energy risk factors and 
captures the diversity of fuel and suppliers for each fuel (Kruyt et al., 2009).  
Energy security has been defined recently as an “equitable provision of available, 
affordable, reliable, efficient, and environmentally friendly energy services to end-users” 
(Phdungsilp, 2015). Thus, the energy sector was analyzed in terms of four dimensions: 
availability, affordability, energy efficiency, and environmental stewardship (Knox-Hayes et al., 
2013; Sovacool & Brown, 2010). These dimensions are often cited in the literature and were 
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identified by Brown et al. (2014) after reviewing 91 peer-reviewed academic articles. 
Additionally, these dimensions were chosen based on their ability to capture major themes and 
components of an energy system. Uganda’s energy production and consumption patterns are 
very different from the frequently studied industrialized countries. In this paper, each dimension 
has its own set of indicators, some of which are different from indicators chosen by Brown et al. 
(2014). A unique set of indicators (Table 6.1) are identified to match the reality of the energy 
sector in Uganda, which is characterized by heavy reliance on traditional sources of biomass and 
limited access to and use of modern energy (Kisel et al., 2016).  
The availability dimension consists of fuelwood consumption per capita, liquefied 
petroleum gas (LPG) consumption per capita, kerosene consumption per capita, and electricity 
consumption per capita. These indicators were chosen to reflect common fuel consumption 
preferences and trends. The availability dimension in the given context does not reflect Uganda’s 
preparedness for energy supply chain disruption as it would for an industrialized country. In the 
current situation, this dimension simply represents whether the population has access to modern 
energy. The country has very low energy use per capita which would likely increase as it 
achieves increased economic development and a better standard of living (Joyeux & Ripple, 
2007). In an industrialized country, the goal would be to lower energy usage. An increase in 
consumption of LPG, kerosene, and electricity connotes a positive change while an increase in 
fuelwood consumption represents a negative change in Uganda’s energy availability.  
 The affordability dimension consists of residential electricity and gasoline prices. Prices 
were chosen for the residential sector because homes and passenger vehicles constitute a 
majority of the energy used in Ugandan. An increase in these indicators represents a negative 
change. Additional indicators such as fuelwood and kerosene prices would have provided a more 
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complete understanding of energy affordability impact on other sectors, but due to data 
availability limitations it was not possible to include them in the analysis.  
The efficiency dimension is represented by energy intensity, a measure which indicates 
the amount of energy used to produce a unit of Gross Domestic Product (GDP) (Brown et al., 
2014). Measuring the economic efficiency of energy use can use other indicators such as on-road 
fuel economy for vehicles. However, there is no information on such indicators for sub-Sharan 
Africa countries. Using a singular indicator to measure the efficiency dimension increases the 
risk of oversimplifying and underestimating the energy efficiency situation in Uganda. To ensure 
that this one dimension did not arbitrarily influence the overall trend, we ran the analysis without 
the energy efficiency dimension and found that the observed trend of energy security remained 
similar. 
The environmental stewardship dimension is represented by CO2 and N2O emissions. 
These pollutants come primarily from the combustion of fossil fuels and biomass and have 
negative impact on the environment and human health (EPA, 2017). An increase in this 
dimension represents decreased environmental stewardship.  
 The chosen indicators demonstrate what is measurable, not necessarily what is important. 
To the best of our knowledge, no one has developed an energy security index for a sub-Saharan 
Africa country. Additionally, limited data and corresponding reliability were some of the most 
important motives underlying indicators chosen. Finding indicators with data for the selected 
years of 2004, 2006, 2008, 2010, 2012, and 2014 also restricted indicator choices.  
 
1
1
3
 
Table 6.1 Energy and food security, and biomass availability indicators for 2004-2014. 
Dimension  2004 2006 2008 2010 2012 2014 
 Energy Security
a       
Availability Fuelwood consumption (meter
3
/capita) 1.16 1.11 1.07 1.03 1.02 0.94 
 LPG consumption (Mt/capita) 7.4×10-5 1×10-4 1.3×10-4 1.2×10-4 1.4×10-4 1.3×10-4 
 Kerosene consumption (Mt/capita) 1.5×10-3 1.9×10-3 1.6×10-3 1.4×10-3 1.4×10-3 1.2×10-3 
 Electricity consumption (kWh/capita) 59 51 65 67 66 72 
Affordability Electricity price (US₵/kWh) 9.7 14.2 24.6 17.5 21.0 19.9 
 Gasoline price ($/L) 1.01 1.17 1.30 1.42 1.40 1.40 
Energy efficiency Energy intensity (MJ/$2011 GDP) 11.11 9.92 8.82 8.25 7.51 7.03 
Environmental 
stewardship 
CO2 emissions (Mt) 1.74 2.54 3.19 3.92 4.07 5.23 
 N2O emissions (MtCO2e) 9.78 9.38 13.22 13.70 14.38 14.38 
 Food Security
b
        
Availability Average dietary energy supply adequacy (%) 112 111 106 104 102 100 
 Average protein supply (g/capita/day) 39 43 44 46 48 48 
 Average value of food production (1$/capita) 180 172 169 170 148 131 
Access Prevalence of undernourishment (%) 25 24 28 31 32 35 
 GDP per capita 1210 1330 1463 1540 1635 1667 
 Depth of food deficit (kcal/capita/day) 172 162 192 211 223 245 
Stability Cereal import dependency ratio (%) 11.2 15.8 13.7 9.4 8.5 8.6 
 Food production variability (000 $/capita) 4.3 2.8 4.5 7.5 6.6 8.1 
 Food supply variability (kcal/capita/day) 56 40 54 46 24 25 
 Biomass Availability
c       
Availability Burned agricultural residues on-site (Mt/capita) 0.031 0.031 0.031 0.034 0.033 0.032 
 Forest area (%) 17.6 16.5 15.1 13.7 12.4 11.0 
aThe data for fuelwood, LPG, and kerosene consumption are from the United Nations energy statistics database. Data for electricity consumption are from U.S. 
Energy Information Agency country statistics. Electricity prices are from Electricity Regulatory Authority of Uganda. Gasoline prices are from the Deutsche 
Gesellschaft für Internationale Zusammenarbeit. Data for energy intensity and N2O emissions are from the World Bank. Data for CO2 emissions are from the 
World Resources Institute CAIT climate data explorer.  
bAll data for food security indicators are from the Food and Agriculture Organization of the United Nations. 
cAll data for biomass availability are from the Food and Agriculture Organization of the United Nations.
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Food Security   
 Uganda’s food sector was analyzed based on the set of food security indicators developed 
by the Food and Agriculture Organization (FAO) (Table 6.1). These indicators were chosen by 
the FAO based on the availability of data with sufficient coverage to enable comparisons across 
regions and over time (FAO, 2017).  The indicators cover four dimensions: availability, access, 
stability, and utilization.  
 The availability dimension consists of average dietary energy supply adequacy (%), 
average protein supply (g/capita/day), and average value of food production ($/capita). The 
average dietary energy supply adequacy indicator measures the national food supply in terms of 
calories. The average protein supply indicator measures national average protein supply and 
represents the quality of the diet. The average value of food production indicator measures the 
economic size of the food production sector (FAO, 2017). Not all availability indicators 
recommended by the FAO are considered in this paper. The share of dietary energy supply 
derived from cereals, roots and tubers, and average supply of protein of animal origin indicators 
were omitted because Uganda exhibited little change in these indicators over the last decade.  
 The access dimension consists of the depth of the food deficit (kcal/capita/day), GDP per 
capita, and prevalence of undernourishment (% of the total population). The depth of food deficit 
indicator represents the difference between the average dietary energy requirement and the 
average dietary energy consumption of the undernourished population. This value is then 
multiplied by the number of undernourished people and normalized by diving by population size 
to obtain the average per capita food deficit. The prevalence of undernourishment indicator 
measures the population percentage below the dietary requirement for an active and healthy life 
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(FAO, 2017). These indicators cover economic access (GDP per capita) to food and outcomes 
(food deficit and undernourishment) of limited access to food. Two indicators, rail line density 
and prevalence of severe food insecurity in the total population, were omitted because there were 
no data available on them.  
 The stability dimension consists of the cereal import dependency ratio (%), food 
production variability ($/capita), and food supply variability (kcal/capita/day). The cereal import 
dependency ratio indicator measures a country’s cereal self-sufficiency and the potential impact 
of shocks in the international trade market. Food production variability measures annual 
fluctuations in the per capita food production ($), represented as the standard deviation over the 
previous five years’ per capita food production. Food supply variability measures annual 
fluctuations in the per capita food supply (kcal), represented as the standard deviation over the 
previous five years’ per capita food supply (FAO, 2017). Other indicators under the stability 
dimension (percentage of arable land equipped for irrigation, political stability, and value of food 
imports over total merchandise exports) were omitted due to missing data or no recorded change 
during the past decade.  
 Average dietary energy supply adequacy, average protein supply, average value of food 
production, prevalence of undernourishment, depth of food deficit, and cereal import dependency 
ratio were all calculated for three year averages to reduce the impact of possible errors (FAO, 
2017).  Food security indicators capture food availability and access, as well as outcomes when 
there is limited availability and/or access. The study did not consider the utilization dimension 
(access to improved water sources; access to improved sanitation facilities; percentage of 
children under 5 years of age affected by wasting; percentage of children under 5 years of age 
who are stunting or underweight) because it is outside the scope of this study. Other dimensions 
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capture some of its indicators. For example, the access dimension measures prevalence of 
undernourishment.   
Biomass  
 Two indicators were chosen to represent biomass availability: burned agricultural 
residues (tons/capita) and forest area (%) (Table 6.1). The burned agricultural residues indicator 
measures the amount of maize, sugarcane, rice, and wheat residues burned on site without 
extracting energy content. This indicator helps determine whether people are switching to lower 
grade fuels when faced with fuel scarcity. The forest area indicator measures the percent of total 
land area that is forest. This indicates whether the biomass resource pool is increasing or 
decreasing, as forests are the most source of energy in Uganda.  
Index Calculations  
All indicators were standardized to observe the time trend. Using 2004 as the base year, 
relative values of each indicator were calculated by dividing by that indicator’s absolute value in 
2004. Since all base year values are one, index values below one represent a decrease in the 
indicator and values above one represent an increase. For example, an increase in emissions is a 
negative trend but its index is initially above one because emissions increased since 2004. By 
reversing the sign, we correctly represent the decline in the environmental stewardship 
dimension. To get an index for each dimension and year, all indicator indices under that 
dimension were summed up and assigned different weights. Energy security indicators were 
given different weights. The availability indicators were assigned weights based on their share in 
primary energy supply (fuelwood consumption=0.90; kerosene=0.04 and LPG=0.04; 
electricity=0.02) (Kruyt et al., 2009). The affordability dimension indicators were assigned 
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weights based on a percentage difference between petroleum and electricity shares in primary 
energy supply (gasoline price=0.67 and electricity price=0.33). The environmental stewardship 
indicators were assigned weighed based on each pollutant’s global warming potential (a measure 
of how much energy the emissions of one ton of a gas will absorb over a given period of time, 
relative to the emissions of one ton of CO2) and residence time in the atmosphere (how long a 
pollutant remains in the atmosphere). CO2 has a global warming potential of one while N2O has 
a global warming potential of 265-298. CO2, however, stays in the atmosphere for thousands of 
years while N2O lasts for more than 100 years, on average (EPA, 2017). Based on these 
characteristics, the CO2 and N2O indicators were assigned weights of 0.3 and 0.7, respectively, 
thus empathizing the near future importance of air quality. Food security indicators were given 
equal weights based on the fact that each food security dimension has an equal amount of 
indicators, which eliminates the risk of overvaluing one indicator. Biomass indicators of burned 
agricultural residues and forest area were assigned weights of 0.2 and 0.8, respectively. This 
decision was based on the fact that forests are more important to people’s livelihoods than 
agricultural residues. Finally, a composite index for energy and food security and biomass 
availability was calculated by summing up the scores for each dimension: 
      ∑(
                   
                   
                ) 
Analysis was also run with equal weights assigned for each set of indicators to compare 
these indices with the indices developed from unequal weights; the change was insignificant, so 
the analysis continued with using unequal weights. A similar approach was adopted by Brown et 
al. (2014) when they developed z-scores for 20 industrialized countries for 1970 and 2010. This 
paper could not apply the same approach due to a small number of observations (one observation 
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per each year, making it five observations total). The analysis could not cover additional years 
due to data availability limitations. Covering more years would have provided long-term rather 
than medium-term trends. However, even one decade can provide meaningful insights about 
changes in sectors. A few important developments occurred in Uganda between 2004 and 2014 
that might help explain some of the variations in trends: presidential elections of 2006 and 2011, 
the world economic crisis of 2008, global climate change concerns, and increased population 
growth.  
Temporal trends of energy and food security dimensions were examined through bar 
charts. A correlation matrix was developed to examine relationships among all dimensions and 
indices.  
Results 
 Energy security experienced a decline from 2004 to 2014 (Figure 6.3). As Figure 6.1 
demonstrates, affordability and environment are the two dimensions that characterized the 
decline of energy security. Availability and efficiency showed a consistent but less dramatic 
negative trend. The environment dimension declined the most between 2012 and 2014 
experiencing the biggest change. Affordability experienced the biggest decline between 2006 and 
2008. The analysis found a correlation between energy security and biomass availability 
(r
2
=0.92) (Table 6.2).  
Food security index exhibited a number of fluctuations over time with a decline between 
2006 and 2008 as well as between 2010 and 2014 (Figure 6.2). As Figure 6.2 demonstrates, food 
access and stability experienced a rapid decline while availability showed a slow and 
inconsistent decline over the decade. The biggest decline occurred in food access between 2012 
and 2014. As Table 6.2 shows, energy and food security dimensions are correlated. For example, 
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energy availability, efficiency, and environmental stewardship are positively correlated with food 
access. No correlation was found between food security and biomass availability (r
2
=0.57).  
 
Figure 6.1 Trends of energy security dimensions 2006-2014. 
 
 
Figure 6.2 Trends of food security dimensions 2006-2014.
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Figure 6.3 Linear trends among biomass availability and food and energy security. 
 
 
Table 6.2 shows that biomass availability is positively correlated with energy availability, 
environmental stewardship, energy efficiency, and food access. Food stability is significantly 
correlated with energy affordability. 
 Discussion  
Declining food security is small compared to declining energy security in Uganda. 
Energy and food security experienced the biggest decline between 2006 and 2008 which could 
be explained by the world economic crisis and increased energy and food prices.  
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Table 6.2 Pearson correlation coefficients (r) for biomass availability, and energy and food 
security dimensions and indices (n=5).  
 Energy 
availability 
Energy 
affordability 
Energy 
efficiency 
Energy 
environment 
Food 
availability 
Food 
access 
Food 
stability 
Biomass Energy 
security 
Energy 
availability 
         
Energy 
affordability 
0.53         
Energy 
efficiency 
0.95* -0.70        
Energy 
environment 
0.95* 0.75 0.99*       
Food 
availability 
0.81 0.49 0.79 0.75      
Food access 0.98* 0.66 0.98* 0.99* 0.77     
Food 
stability 
0.23 0.89* 0.13 0.29 0.08 0.26    
Biomass 0.95* 0.62 0.99* 0.97* 0.76 0.98* 0.07   
Energy 
security 
index 
0.85 0.63 0.97* 0.98* 0.77 0.95* 0.41 0.92*  
Food 
security 
index 
0.51 0.87 0.60 0.64 0.74 0.61 0.89* 0.57 0.75 
*Significant at P value ≤ 0.05.  
 
Oil prices doubled from about $70 per barrel in August 2007 to over $140 in July 2008; 
this rapid change in prices negatively impacted net oil importers such as Uganda where the price 
change in electricity and gasoline was the highest between 2006 and 2008. 
While energy security continued to decline, food security increased between 2008 and 
2010. This could possibly be explained by Uganda’s presidential elections in 2011. Food bribery 
in exchange for an electoral vote is a common practice in sub-Saharan Africa, including Uganda 
(Tabachnik, 2011).  
Two dimensions of energy security experienced a rapid decline: affordability and 
environment. This means that as biomass resources became increasingly scarce, the cost of 
modern energy (gasoline and electricity) rose and the environment became characterized with 
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more air pollution. However, the population consumed increasing amounts of modern forms of 
energy as shown by some of our availability indicators (LPG and electricity consumption) while 
fuelwood consumption declined. The transition to modern sources of energy, in addition to 
biomass scarcity, can also be triggered by economic growth. The data show that electricity 
consumption and GDP per capita both increased between 2004 and 2014. Increased pollution 
from CO2 and N2O can be explained by increased per capita use of modern energy as well as 
land use change associated with deforestation (World Resources Institute, 2014). 
This finding shows that the energy ladder model might characterize Uganda’s energy 
consumption and transition patterns. Specifically, when faced with fuelwood scarcity, people 
slowly switch to different types of fuel, but the transition is gradual and at first may look like 
‘fuel stacking’ in which people use traditional as well as modern forms of energy (Matsika et al., 
2013; Mukwaya, 2016). However, as fuel scarcity becomes more widespread, fuelwood may 
disappear from the energy mix and become completely replaced by modern energy. Thus, the 
long-term trend fits the energy ladder model while the short-term trend fits the fuel stacking 
model. This phenomenon was observed in several developing countries, including Uganda, and 
is called a ‘ladder-within-a-ladder’, or a ‘multiple fuel’ model, and describes a situation in which 
households with access to modern forms of energy still use fuelwood (Campbell et al., 2003; 
Madubansi & Shackleton, 2007; Masera et al., 2000; Rahut et al., 2017). After examining four 
sub-Saharan African countries, Rahut et al. (2017) found that the ladder-within-a-ladder occurs 
even at the top of the ladder. They found that some households who use electricity (top of the 
energy ladder) prefer to use it for lighting only and resort to solid fuels (bottom of the ladder) for 
cooking. Rahut et al. (2017) found that education, wealth, access to infrastructure and location 
determined the use of electricity for light only versus for light and cooking.  
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People who are at the top of the energy ladder may not be more energy secure than the 
people who ‘stack’ fuels. People who ‘stack’ fuels diversify their energy supply and, thus, 
protect themselves from potential fuel disruptions. Fuel diversification is especially important in 
Uganda where all oil products are imported. The question of how fuel switching and stacking is 
associated with energy security is important and should be addressed in future studies. 
Additionally, the amount of burned agricultural residues on-site (Table 6.1) did not 
change over the years. This may indicate that people are not switching to lesser grade fuels when 
faced with fuelwood scarcity as postulated by Brouwer et al. (1997), but that they are moving up 
the ladder to more modern forms of energy (Damte et al., 2012; Guta, 2014; Palmer & 
MacGregor, 2009). It might also indicate that agricultural residues are used only as backup fuel 
(Guta, 2014). The discrepancies between our results and Brouwer et al.’s (1997) may be that we 
utilized national statistics while they focused exclusively on rural communities.  
 We also found that energy availability is positively associated with food access. This 
means that as per capita kerosene, LPG, and electricity consumption (measures of energy 
availability) increase, undernourishment and food deficit (outcomes of poor access to food) 
decrease. This finding supports the results of Brouwer et al. (1997) who found a positive 
relationship between fuel access and nutrition. The positive relationship between energy 
availability and food access can be due to households spending less time on procuring fuel and 
more time on food production and preparation.  
 Biomass was found to be positively associated with energy availability, energy 
efficiency, environmental stewardship, and food access. This means that larger forest area is 
associated with increased consumption of intermediate and advanced fuels as well as improved 
air quality. Cleaner air is most likely a result of improved energy efficiency. More abundant 
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biomass is also associated with greater food access. This relationship can result from more time 
being dedicated to food production and preparation activities or from the indirect impacts of 
biomass availability (Pattanayak et al., 2004). For example, biomass increase can lead to 
improved crop yields through enhanced ecosystem services and better regulated climate 
(TerAvest et al., 2015). Also, forest foods have been found to provide ‘safety net’ during food 
scarcity and uncertainty (Powell et al., 2010). Specifically, forest foods are important to cyclical 
and transitory food shortages caused by drought, illness or other external shocks (Arnold, 2008).  
 We found an association between energy security and biomass availability. This can 
indicate that biomass scarcity has a larger impact on energy consumption than food consumption 
even though the society is slowly moving to advanced fuel types. This finding shows that fuel 
diversification is an important feature of energy consumption in Uganda. The reasons why 
people ‘spread’ themselves across the energy ladder should be studied from socioeconomic, 
cultural, and food security perspectives because those factors have the largest impact on 
household decision-making in developing countries. With firewood being the cheapest fuel (free 
for most of households) and somewhat still available, the decision to purchase and use more 
expensive fuels needs to be investigated and interpreted not only in relation to income but also in 
connection to human dimension (Kowsari and Zerriffi, 2011; Sovacool, 2012). The reason why 
food security showed a weak response to disappearing biomass resources can be connected to 
Uganda’s transition to more modern fuel types such as electricity and LPG. However, we found 
no studies investigated the relationship between energy transition and food security in 
developing countries. 
 The authors acknowledge several limitations. First, the indicator selection for each sector 
was based on a literature review, already established indicators, and available reliable data. For 
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example, some of the energy security indicators were borrowed from Brown et al. (2014) which 
were used in the context of developed countries. Utilizing indicators more suitable for Uganda 
faced constraints such as data availability and reliability. A more comprehensive approach to 
energy indicator selection for Uganda needs to be developed to capture all major components 
and trends in the energy sector. 
 Second, food security indicators developed by the FAO were devised with the intention 
of applying them to as many countries as possible for cross-country comparisons. A more unique 
set of indicators for Uganda would have allowed the analysis to better capture Uganda’s food 
production and consumption patterns which might be, and probably are different from food 
production and consumption patterns in other sub-Saharan Africa countries. Third, the paper 
analyzed only one decade - 2004 to 2014.  
 Fourth, the analysis relied heavily on correlations and identification of linear trends. The 
robustness of the study could be improved with a greater number of observations (years) and a 
more targeted set of indicators. A greater number of observations would have allowed a more 
robust approach to data analysis such as factor analysis to confirm that chosen indicators were 
good representations of each dimension. Reducing the complex issues of biomass, energy, and 
food production and consumption to a few dimensions and a handful of indicators necessarily 
oversimplified reality. For example, a large scale national survey on energy and food 
consumption patterns in relation to biomass resources coupled with observations and focus group 
interviews would have allowed a more nuanced understanding of relevant issues in Uganda.  
Conclusions 
  Uganda is a biomass-dependent country with increasing energy and food demand 
due to a fast growing population. To understand the role and impact of decreasing biomass 
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resources on the society, we examined energy security in relation to biomass availability and 
food security over the period of one decade (2004-2014) in Uganda. First, we created 
performance indices for each dimension and overall score of energy and food security, and 
biomass availability. Next, we examined dimension of energy and food security over time. Also, 
we employed a Pearson correlation matrix to establish relationships among biomass availability 
and energy and food security. Results indicate that both energy and food security decreased 
between 2004 and 2014 with energy security experiencing the biggest decline, which was caused 
by the decline in affordability and environmental stewardship dimensions. Energy security 
declined the most between 2006 and 2008 while food security improved between 2008 and 2010. 
Results show that there is a significant correlation between energy security and biomass 
availability which indicates that energy consumption in Uganda is still highly dependent on 
biomass resources. It was also found that Uganda is slowly transitioning to more modern fuel 
types such as LPG and electricity. This energy transition fits a ‘ladder-within-a-ladder’ model 
where biomass resources are consumed even at the top of the ladder, potentially indicating a 
need for fuel diversification.  
While food security was not found to be significantly associated with biomass 
availability, it is essential to investigate the links between energy transition and food security to 
prepare for potential negative impacts of such transition on a society, especially in net oil-
importing countries that are vulnerable to changes in world oil prices. This study can help energy 
policy makers in sub-Saharan African countries with energy supply and consumption similar to 
Uganda to guide energy transition. Specifically, future energy policies should consider the role 
of biomass resources even among those with access to modern fuel types. Therefore, an increase 
in biomass resources could be a viable option to achieve positive energy outcomes. Additionally, 
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policies should focus on fuel diversification and improved energy access rather than on 
leapfrogging to advanced energy types.  
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CHAPTER 7.    GENERAL CONCLUSIONS 
Conclusions 
Energy and food security are important issues throughout sub-Saharan Africa (SSA). 
Energy sources are predominantly traditional forms such as fuelwood (Mwaura et al., 2014). The 
technologies used to convert biomass into energy are highly inefficient and lead to health issues 
and natural resource degradation (Lee, 2013). For example, relying heavily on wood for energy 
contributes to deforestation, which negatively impacts soil quality and agricultural production. 
Agricultural residues are an available but underutilized source of energy in SSA. Farmers often 
discard or burn some agricultural residues without extracting their energy content (Okello, 2013). 
Agricultural residues, used in efficient technologies and sustainably harvested, can lead to 
increased energy production and access, and decreased natural resource degradation (Fischer, 
2010). Agricultural residue utilization for energy, however, can lead to soil degradation and 
decreased crop production. Using agricultural residues from agro-processing would be more 
appropriate because some of those residues are discarded or burned and using them for energy 
generation will be more beneficial than turning them into waste.    
Food security in SSA depends on agricultural production (WFP, 2013). Yields have been 
stagnant or even declining for some crops during the past half century and farming practices 
have not significantly changed in centuries (Leliveld, 2014). Limited use of agricultural inputs 
coupled with insufficient soil conservation practices cannot support agricultural systems that 
need to feed one of the fastest growing populations in the world (World Bank, 2015). Soil quality 
is at the heart of the declining crop production issue.  
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Energy and food security are two important issues in Uganda’s development. Each is 
characterized by its unique challenges and opportunities, yet they are interconnected. This 
research examined each issue independently and jointly using Uganda as a case study. 
First, energy supply and consumption and agricultural production were examined for 
biopower potential using a successful case study of technology adoption (Chapter 2). Second, 
food security was examined in relation to socioeconomic, crop production, and soil quality 
determinants (Chapter 3). Third, soil quality and fertility were examined across cropping systems 
and soil types (Chapter 4). Finally, energy and food security were jointly analyzed in the context 
of biomass scarcity (Chapter 5). The following paragraphs discuss in detail the findings of each 
chapter.  
Energy security was examined in terms of biopower potential using a successful case 
study of technology adoption. Electricity estimates were developed from two sets of recoverable 
fractions of each residue type. First, we applied recoverable fractions that were identified from 
the literature to estimate technical power potential. This power potential allowed 40% of the total 
residue amount to be used for energy. Second, through farmer interviews we identified the 
percentage of each agricultural residue type that was wasted or burned. We used that percentage 
as a proxy for each residue type availability for energy. Results suggest that electricity from crop 
residues could be as much as an additional 70% of the current power capacity while the technical 
electricity potential could increase the current capacity by more than three times. The 
biorenewable energy potential has been untapped due to cost, cultural and information barriers, 
and weak policy frameworks that do not protect private investors from the risks associated with 
rural development projects. To address some of the risks, the government could improve legal 
and institutional capacity in the public and private sectors, create adequate financing 
134 
 
 
mechanisms, create awareness of public benefits from biorenewable energy, and improve 
information on renewable resource availability.  
Food security was examined in relation to socioeconomic status, crop production, and 
soil quality determinants. Total acreage and yields of banana and beans were positively 
associated with food security in the season of plenty. In the season of scarcity, total acreage, 
maize, and bean yields were positively associated with food security, while off-farm income was 
associated with less food security. The results indicate that land size and crop yields are more 
important to household food security than soil quality and socioeconomic factors. However, with 
a fast growing population and finite natural resources, these relationships are expected to change. 
Specifically, population growth will contribute to even greater land fragmentation and 
degradation, which will negatively influence overall crop production levels. Therefore, it is 
expected that household size and soil quality will play bigger roles in food security.  
Soil quality and fertility were examined across cropping systems and soil types. Soil 
quality (pH at depths of 0 to 10 cm and 20 to 30 cm, CEC, and EC) and fertility (Ca and Mg) 
varied by cropping system. Annual crop rotation and banana systems were associated with better 
soil quality and fertility compared to other cropping systems. Soil quality (pH at depths of 0 to 
10 cm and 0 to 15 cm, and depth to restrictive layer) and soil fertility (P and K) varied by soil 
types. Black and black-stony soils had better soil quality and fertility than red soils. The results 
of this study indicate that both cropping system and soil type are associated with soil quality and 
fertility in south-central Uganda. 
Energy and food security were jointly analyzed in the context of biomass scarcity. The 
analysis evaluated temporal trends (2004-2014) in energy and food security as well as their 
associations with biomass availability. Results show that energy and food security decreased, 
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with energy security decline more pronounced, which is associated with the decline in 
affordability and environmental stewardship dimensions. Results also indicate a significant 
relationship between energy security and biomass availability. An energy transition trend was 
also observed with people consuming less fuelwood and more liquefied petroleum gas and 
electricity. More research is needed to fully understand the impact of energy transition on food 
security.   
Implications and Recommendations  
The results of this research confirm the need to continue addressing energy and food 
security issues in Uganda. By focusing on small-scale biopower production from unused 
agricultural residues, electricity access and use can improve. Since Uganda relies heavily on 
hydropower for electricity, promoting village-scale biomass conversion technologies can 
diversify Uganda’s energy mix and decentralize the power sector. By utilizing wasted 
agricultural residues for power generation, the problem of waste can be addressed as it was the 
case with Tiribogo village, which specializes in maize production. Additionally, a by-product of 
power generation, biochar, can be a vital asset to the community. It can be used either as a crop 
amendment or be converted to charcoal briquettes for cooking. 
It is important, however, to understand that any type of technology that comes from 
outside a community can influence social dynamics of that community, as it was the case with 
Tiribogo. Only wealthier households had the financial capacity to connect to the power lines, 
which created tensions between the connected and unconnected villagers. Financial barrier is one 
of the biggest obstacles to biorenewable technology adoption. This issue, however, is being 
increasingly addressed by development projects that utilize green financing. Green financing 
allows private companies to receive funds from international organizations, governments, and 
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foundations for international development projects aimed at reducing greenhouse gases. This 
arrangement, however, can only be beneficial when cultural barriers to technology adoption and 
use are addressed. Thus, when introducing a new technology it is important to study and consider 
power dynamics within a community as well as its needs, resources, and capabilities.  
Even though the resource base and technological potential already exist in Uganda, 
choosing the right technology and how it can be adopted deserve more attention. Specifically, 
new energy projects that aim to bring power to rural communities in Uganda should be assessed 
for their appropriateness not only by the project developers but also by the community where the 
project is going to be implemented. The government should play a more active role in 
biorenewable power development by creating favorable investment conditions through 
appropriate laws and regulations. The Renewable Energy Act expired in 2017 and the 
government did not extend or pass new legislation to incentivize green development in Uganda. 
With fast growing population and power demand, it is essential to have energy policies that can 
address the current and future energy-related issues.  
Food security in Uganda is associated with crop yields and land size. Low levels of crop 
production and productivity in Uganda are addressed through poverty eradication and rural 
development policies. For example, the Plan for Modernization of Agriculture (PMA) was 
developed in the early 2000s with an objective of eradicating poverty by transforming 
subsistence agriculture to commercial agriculture (MAAIF and MFPED, 2000). As part of the 
plan, the National Agricultural Advisory Service (NAADS) and National Agricultural Research 
Organization (NARO) were created to promote agronomic knowledge among farmers and the 
development of improved seed varieties. NAADS was a move away from a traditional, top-down 
extension service to a privatized, demand-led one in which farmers were supposed to define their 
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own requirement for advice (Kjaer and Joughin, 2012). The success of NAADS is contested; 
however, two independent evaluations found the program successful. For example, International 
Food Policy Research Institute (IFPRI) found that between 2004 and 2007, NAADS was 
associated with 42-53% greater increase in per capita agricultural income among the program’s 
participants compared to non-participants (Benin, 2009). In 2005-2006, the government created 
the Rural Development Strategy (RDS) and Prosperity for All (PFA) programs; these programs 
were supposed to widen the impact of agricultural extension through the distribution of free farm 
inputs. During the same time, the government deemed NAADS inefficient and ineffective and at 
first temporarily suspended it before ending the program in 2014. More recently, the government 
with the help of the U.S. Agency for International Development (USAID), the Dutch 
government, and the World Bank launched the National Agricultural Extension Policy and 
Strategy aimed at restructuring the agricultural extension systems. This policy is supposed to 
streamline private and government extension services and focus on low production and 
productivity (NAES, 2016). To unify Uganda’s agricultural policies and strategies and guide 
future developments, the National Agriculture Policy was developed in 2013 (MAAIF, 2015).  
Policies aimed at increasing agricultural production and productivity did not yield the 
desired results. This could be partially attributed to unsuccessful agricultural extension 
approaches that lacked coordination and collaboration. Additionally, while NARO has developed 
more than 200 improved seed varieties, breeds and prototypes since 2003 (FAO, 2013), yields of 
bananas, cereals, roots crops, and pulses continue to decrease while pests and diseases increase 
(MAAIF, 2015). This could be partially explained by insufficient public funding to the 
agricultural sector which has fallen from 8% of the national budget in 2001/2002 to 5.7% in 
2005/2006, to 4.1% in 2007/2008, and to 3.7% in 2008/2009 (Joughin & Kjaer, 2010). To 
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remedy the situation, in 2010 the government revised Agricultural Sector Development Strategy 
and Investment Plan (ASDSIP) to promote private sector investment and raise productivity 
(FAO, 2013). While these policies offer valuable solutions to the problem of low agricultural 
production and productivity, their implementation and results remains problematic.  
Crop yields of staple foods such as banana, maize, and beans should be especially 
prioritized given their food security importance. Banana was found to be associated with food 
security in south-central Uganda. However, banana production is currently under attack by 
numerous pests and diseases. Farmers have already started replacing their banana plantations 
with coffee. The transition from banana to coffee presents food security risks. Banana is a staple 
crop and most often produced for home consumption. Coffee, on the other hand, is solely a cash 
crop and it is grown and sold mostly by men. Men tend to spend money more on non-food items 
compared to women, which can create food security risks among households (Ibnouf, 2009). 
Challenges related to banana production are acknowledged and being addressed by the 
government and development organizations. For example, the government of Uganda in 
collaboration with the USAID, is developing Xanthomonas wilt-resistant banana varieties. In 
2014, field trials showed 100% resistance and more studies are being conducted to assess the 
durability of disease resistance and yield performance (Tripathi et al., 2014). The National 
Banana Research Programme (NBRP) has developed numerous hybrid banana varieties since the 
inception of the program in 1994; however, their adoption remains low (Sanya et al., 2017). A 
five-year banana breeding project, funded by the Bill and Melinda Gates Foundation, is aiming 
to increase yields by 30% and achieve 50% resistance to at least three of the target pests and 
diseases (Sigatoka disease, Fusarium wilt, nematodes, and weevils) by 2019 (Njuguna, 2014).  
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Additionally, the issue of land size should be highlighted, as it was also found to 
positively influence food security in south-central Uganda. With increasing population, the 
Ugandan government needs to protect its land resources from fragmentation and degradation. 
Smaller size land parcels are more likely to be intensely cultivated, with resultant soil 
degradation and decreased crop production. Land policies that provide land titling and tenure 
security are important because land tenure is positively associated with agricultural investment 
and productivity (Abdulai et al., 2011; Deininger et al., 2008). Providing women with rights to 
land is also important because it is primarily women who are engaged in agricultural production. 
For example, it was found that women in Ethiopia who had joint land certification with their 
husbands became more influential in crop choice and land rental decisions which was positively 
associated with the nutritional status of children (Holden et al., 2016). The Ugandan government 
addressed this issue in its Land Policy Act of 1998 which allows for formalization of traditional 
land rights (MLHUD, 2013). While this policy contributes to security of land ownership, it can 
also lead to land fragmentation as land tenure certificates allow people sell their land or use it as 
a collateral. 
Outright ownership of land is not common in Uganda, with most producers having only 
access and use rights which receive little legal protection from the government. Farmers who do 
not have secure rights are least likely to engage in soil conservation practices (Gebremedhin and 
Swinton, 2003). Strengthening the capacity of local land administration units could improve 
protection of access and use rights in Uganda’s complex land tenure situation. This could 
incentivize farmers to invest in long term soil conservation practices such as tree planting, use of 
organic fertilizers and mulch, and production of perennial crops which are important to food 
security. The issue of land fragmentation, on the other hand, is not likely to be resolved through 
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land titling alone and will require more complex policy formulations that can address historic, 
ethnic, demographic, and political land-related concerns in Uganda.  
The evidence derived from examining soil quality and fertility under common cropping 
systems in south-central Uganda showed that systems under banana, banana-coffee, and annual 
crops with rotation are associated with higher soil quality and fertility compared to the systems 
under annual crops without rotations and coffee. As it was previously stated, a trend has already 
been observed of banana replacement with coffee in the region. Since coffee is associated with 
the lowest soil quality and fertility, such a trend threatens food security. Bananas are valued as a 
food security crop and, as such, are grown close to homes. As a result, banana fields receive 
more nutrients in the form of kitchen refuse, ash, and agricultural residues. Bananas also create a 
lot of residues that are used for mulch in banana and banana-coffee cropping systems. By 
replacing banana plantations with coffee plantations or eliminating banana from the banana-
coffee intercrop, soil quality and fertility are expected to decrease. It is important to mitigate 
these and other potential risks. For example, coffee intercropping systems provide more 
agronomic benefits to farmers than coffee monocropping. When coffee is intercropped with 
banana, there is an increase in organic matter and nutrient recycling, soil conservation, 
productivity life cycle of coffee plants and higher biodiversity values (Moguel and Toledo, 
1999). Van Asten et al. (2011) found that the total annual revenue per hectare increases when 
coffee and banana are intercropped. Food security, soil quality, and income can be at risk with 
the disappearance of bananas.  
The government should address the problems that banana production is facing but also 
encourage farmers to monitor and improve soil quality in their coffee fields. Additionally, 
farmers should be made aware of soil benefits of growing annual crops with rotations. Rotating 
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crops on a seasonal basis can reduce pests and diseases by disrupting their biological cycles. It 
can also lead to more efficient water and soil nutrient uptake by plants. Additionally, by rotating 
crops, different nutrients become available to people at different times of the year which can 
contribute to improved health.  
Finally, energy and food security policies should be evaluated jointly, since decisions on 
household energy, food production and consumption are inseparable. As research showed, 
energy and food security in Uganda have been jointly declining over time in relation to biomass 
availability. This indicates that when addressing one issue, the other one should be considered as 
well. The PMA, a government effort to modernize agriculture in Uganda does not include the 
role or effect of energy on agricultural production. Agricultural development can lead to more 
agricultural residue production which, if not addressed adequately, can create waste issues. By 
linking agricultural modernization to energy production, agricultural residues can be used for 
energy generation. Policies that can jointly address the development of agriculture and energy 
can lead to a more optimal allocation of resources, improved economic efficiency, and lower 
negative environmental and health impacts (Bazilian et al., 2011).  
Future Research  
Future research should examine energy and food issues in more detail. The role of 
agricultural residues in household energy and food security needs to be evaluated. Agricultural 
residues have multiple purposes; establishing their socioeconomic value can lead to more 
targeted use and management. For example, if applying agricultural residues to soil brings more 
economic benefit than using them for power generation, appropriate programs can be developed 
to educate farmers on possible costs and benefits of each type of agricultural residue use. It will 
allow farmers to make informed decisions about what to do with their resources.  
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Additional research is needed to investigate the replacement of banana production by 
coffee. Specifically, the analysis should include the effects of such transition on households’ 
food security, economic status, and soil quality. Food security can be examined through people’s 
dietary preferences, which could change in the face of reduced banana availability. Specifically, 
the study could examine if new or existing crops have already started to replace bananas’ caloric 
and nutritional values, and how people are adapting to it. Human migration to emerging banana 
production zones could also be considered to examine whether people are following the bananas 
or instead coming up with adaptive strategies. The role of coffee is expected, therefore, to 
change. Studying the effect on food security of increasing coffee production, a preferred crop to 
replace bananas, should also be considered.  
People’s income is also important to study in the event of one cropping system being 
replaced by another. Economic status of a household can improve when coffee, a cash crop, 
receives priority and is grown on larger land area compared to other crops. However, the 
opposite trend can also be expected when more economic resources are spent on purchasing food 
due to coffee occupying larger acreage and leaving little space for the production of food crops. 
Understanding these dynamics between cropping systems and household income are important in 
assessing households’ resilience in the event of external shocks such as volat ile economic 
markets, weather events, and change in government policies.  
Soil quality should also be analyzed in relation to changing cropping systems. Soil under 
banana is generally more fertile but can change if used for coffee production. Understanding the 
impact of the transition of cropping systems on soil quality can inform farmers on how to 
mitigate risks associated with such transitions. With the level of land fragmentation and 
intensification in Uganda, soil conservation should be a priority even on a small scale. Studying 
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the dynamics among cropping systems across space and time, can provide valuable insight 
regarding their impact not only on soil quality but also household food security and 
socioeconomic status.  
Climate change should also be an integral part of these assessments since some of the 
major changes in cropping systems and agricultural practices are directly or indirectly connected 
to changing rainfall and temperature, and as a result new pests and diseases. Climate change can 
have a destructive effect on SSA where weak structural and institutional capacity makes the 
continent vulnerable to extreme weather events.  
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APPENDIX B: SAMPLE SURVEY 
 
SECTION A: DEMOGRAPHIC CHARACTERISTIS 
1. a. Questionnaire ID #: ____ b. Date: _______ c. Start time:______ d. End Time:_____ e. 
Interviewer:______ 
2. a. Sub-county:_______________ b. Parish:________________ c. Village:_______________  
3. a. Farmer’s name:  (code)    b. Age:_____   c. Gender:  (1) Female   (2) Male  d. Language:________ 
    e. Educational level: _____________ 
4. Marital status: (1) Single    (2) Divorced   (3)Widow(er)     (4) Separated    (5) Monogamous   (6)         
Polygamous 
5. How long have you lived in this village? ____ (yrs) 
6. Total # of Members in the Household:________ 
7. Do you have access to electricity? 1=yes (specify source)_________   2=no 
 
SECTION B: FARM’S PROFILE 
8. How much land do you have rights to including renting, borrowing, and land that is not currently 
cultivated? _________acres  
9. For each plot/field please provide the following information: 
Plot  Size of 
plot 
(acres) 
Soil 
type(s) 
Soil 
quality 
Plot 
slope 
Crops 
grown 
Walk 
time to 
plot 
(min) 
How land 
was 
acquired 
Year 
land 1st 
acquired 
Title 
1=yes 
2=no 
3=don’t 
know 
Last year 
plot was 
fallowed 
1=yes 
2=no 
a.           
b.           
c.           
d.           
e.           
Soil Types: (1) Liddugavu   (2) Luyinjayinj   (3) Limyufumyufu   (4) Lusenyusenyu   (5) Lubumbabumba      (6) Other specify  
Soil Quality: (1) Poor      (2) Fair      (3) Good      (4) Excellent        (5) Other specify  
Plot Slope: (1) Wetland (2) Lowland  (3) Hillside, Gentle Slope (4) Hillside, Steep Slope  (5) Other (specify) 
Crops: Coffee (1)Bananas  (2) Maize     (3)Cassava    (4) Irish potatoes    (5) Sweet potatoes  (6)Groundnuts   (7)Rice    
(8)Cabbage   (9)Tomatoes   (10)Onion   (11)Soya bean   (12) Millet     (13)Sorghum    (14)Pineapple   (15)Passion fruit    
(16)Oranges   (17) Other (specify) 
How Land Acquired: (1) Inherited  (2) Received as Gift    (3) Allocated by Elder     (4) Borrow        (5) Rent/Lease (6) Purchased 
Inputs: (1) Chicken manure    (2) Goat manure   (3) Pig manure  (4) Cow manure   (5) Purchased fertilizer  (6) Pesticides   (7) 
Insecticides   (8) Other (specify)   
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10. Please provide information on the crops you grow.    
Crop Area 
planted 
(acres) 
Harvested 
amount (kg) 
per season 
Do you sell any 
of it? 1=yes  
2=no 
Inputs used on this 
crop (purchased & 
produced on farm) 
Crops used for 
intercropping 
a.      
b.      
c.      
d.      
e.      
f.      
g.       
 
10. Please provide information on the livestock you have on your farm.   
Livestock  # of livestock  Use(s) of manure What is used for livestock feed? 
a.    
b.    
c.    
d.    
e.    
f.    
g.    
Livestock: (1) Chickens    (2) Pigs    (3) Ggoats   (4) Cows    (5) Sheep     (6) Fish     (7) Other (specify) 
Use of manure: (1) Reused on the farm      (2) Sold     (3) Other (specify) 
Feed: (1)Agricultural residues from farm   (2) Crops from farm  (3) Purchased feed  (4) Forage from farm   (5) Forage from 
outside farm   (6) Free range   (7) Other (specify) 
 
SECTION C: FOOD SECURITY 
11. On average, how many meals does your household consume in a day during the season of plenty? 
______ 
12. Where does your food come from during the season of plenty?  (1) Farm  (2) Off-farm    (3) Both  
13. On average, how many meals does your household consume in a day during the season of 
scarcity?______ 
14. Where does your food come from during the season of scarcity? (1) Farm   (2) Off-farm   (3) Both 
15. What do you grow on the farm that cannot be used as food.
149 
 
 
 
Non-food resource Use(s) of non-food resource  
a.  
b.  
c.  
d.  
e.  
f.  
Non-food resources: (1) Ficus natalensis   (2) Bridella   (3) Eucalyptus  (4) Elephant grass  (5) Calliandra  (6) Other (specify) 
Use of non-food resources: (1)Animal feed   (2) Green fencing   (3)Fuel    (4) Mulch    (5)Bark Cloth     
(6) Timber   (7) Crop shading    (8) Other (specify)   
16.  Do you get any off-farm income? 1=yes      2=no   a. How often do you get off-farm income?____ 
b. What is this money spent on?______   c. What is the nature of your off-farm work?________ 
Frequency of off-farm work: (1) Daily  (2) Monthly  (3) Sporadically  (4) Seasonally    (5) Other (specify) 
Income is spent on: (1) School fees  (2) Agricultural inputs   (3) Food    (4) Other (specify) 
Nature of off-farm work: (1) Wage/Salaried     (2) Self-employed      (3) Other (specify)   
 
SECTION D: AGRICULTURAL RESIDUES  
17. Please provide the following information for each agricultural residue you produce per season on the 
farm. 
Agricultural 
residue  
% used for 
livestock 
feed 
% used for 
fuel per 
season  
% used for 
mulching  
% burned % discarded/left 
as waste  
1.       
2.       
3.       
4.       
5.       
6.      
7.       
Agricultural residues: (1)Coffee husks   (2)Banana peelings   (3)Corn stover   (4) Corn cobs   (5)Cassava waste   (6) Sweet 
potato waste   (7)Groundnut shells   (8) Groundnut residues   (9) Rice husks    (10) Bean residues   Other (specify) 
 
18. Is there anything on your farm that you burn? 1=yes (specify)  __________      2=no 
Burned waste: (1) Problem weeds   (2) Couch grass    (3) Tree leaves  (4) Other (specify) 
 
SECTION F: SOIL MANAGEMENT PRACTICES  
19.     Are there any soil management practices that you are currently doing that are different from what 
your neighbors are doing? 1=yes (specify) _________   2=no
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SECTION G: FARMERS’ AWARENESS ABOUT BIOCHAR FERTILIZER 
20. Have you ever heard of biochar? 1=yes   2=no   a. If yes, how did your hear about 
it?_________________    b. When was the first time you heard about it?__________ 
Biochar is a soil fertilizer that is produced from burning agricultural residues in a closed environment such as a pit or the 
bottom of a burning pile. It can be produced under different conditions and modified to achieve desirable qualities. 
Biochar has a high ratio of surface area to volume and acts like a sponge when applied to a soil. It also raises soil pH, 
increases water retention and nutrient cycling. The effectiveness of biochar, however, depends on the feedstock used and 
the type of soil it is applied to. 
 
 
21.  Please provide information on the following questions about biochar. 
What do you 
need to know 
about biochar 
to form your 
decision to 
use it?  
What 
limitations are 
you facing to 
use biochar?  
Would you 
be willing to 
learn how to 
produce 
biochar on 
your farm? 
1=yes 2=no 
If you wanted 
to produce 
biochar on 
your farm, 
what farm 
waste would 
you use? 
Why? 
Do you think 
biochar will 
have any 
effect on 
your soil? 
1=yes  2=no 
3=don’t 
know 
Would you be 
willing to host 
a biochar 
demonstration 
on your land? 
1=yes  2=no 
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APPENDIX C: FIELD ASSESSMENT 
 
1. Date: 
2. Farmer ID: 
3. Sub-county: 
4. Parish: 
5. Village: 
6. Geographic coordinates:  
7. Slope:  
 
CROPS   
8. Crops grown on the plot this season:  
9. Crops grown on the plot last season: 
10. Does the plot have a rotation? If yes, what is it? 
11. Provide a brief history of the plot as far back as you remember: 
FIELD MANAGEMENT 
12. Do you use purchased fertilizers on this plot?  Specify.      
13. Do you return or add crop residue to this plot? If so, what are they? 
14. Do you practice fallowing on this plot?   
15. Do you do any other soil management practices?  
 
SOIL DESCRIPTION  
16. How would you describe soil quality on this plot? 
a) Poor b) Fair  c) Good d) Excellent 
 
17. What is soil type on this plot? 
a) Red (Limyufumyufu) b) Black (Liddugavu)   c) Stony (Luyijayinga)  d) 
Sandy (Lusenyusenyu) 
 
18. Past or present soil erosion:  
152 
 
 
19. Restrictions on rooting: 
a) Stone layer  b) hard setting E horizon  c) Dense massive clay rich Bt horizon   d) other 
(specify) 
 
20. Description of soil horizons:  
Soil horizon           
Depth          
Soil texture          
Soil structure 
Soil color (Munsell) 
         
Soil consistence          
Root abundance          
Root architecture          
Microbial life          
pH          
Soil texture: a) sandy  loam b) loam  c) silt loam  d) sandy clay loam e) clay loam f) silty clay 
loam g) sandy clay  f) clay  g) silty  clay  
Soil structure: a) platy    b) single grain    c) blocky   d) columnar/ prismatic  e) granular  f) 
massive   
Soil consistence:  a) loose  b) very friable  c) friable   d) firm    e) very firm   f) extremely firm  
Microbial life:  a) none  b) some c) vivid  
Root architecture:  a) vertical   b) horizontal  
Root abundance:  a) none     b) few    c) common     d) abundant 
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21. Visible nutrient deficiencies: 
Crop  Growth stage  Discoloration Other crop 
damage 
Observations 
     
     
     
 
22. Visible pest damage: 
Crop  Type of damage  % of damaged 
crop   
Any visible 
pests? 
Observations  
     
     
     
 
 
 
 
